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Summary 
The regulation of carotenogenesis during the leaf maturation, before the onset of 
senescence, remains poorly explored. In this thesis, I demonstrated that young leaves 
of Arabidopsis, which have a high chloroplast density because of the high density of 
actively dividing and expanding mesophyll cells, can accumulate nearly 60 % higher 
amounts of both carotenoids and chlorophylls compared to the older leaves. Analysis 
of a range of mutants and gene overexpression genotypes revealed that age-related 
decline in carotenoids in older leaves was not associated with biosynthesis or 
degradation pathways of carotenoids neither with the developmental phase identities 
of leaves. I also discovered younger leaves were highly plastic in decreasing the level 
of both carotenoids and chlorophylls rapidly in response to short-term (24-hours) 
exposure to darkness, low temperature (7 oC), and norflurazon (a bleaching herbicide) 
treatment while the elevated level of atmospheric CO2 increased the level of both 
pigments in younger leaves. The level of carotenoids and chlorophylls was unaffected 
in older leaves regardless of the perpetual increase in atmospheric CO2 and short-term 
environmental and norflurazon treatments. Pigment accumulation in younger leaves 
demonstrated rapid responsiveness to environmental conditions and norflurazon, 
arguably, due to the higher rate of plastid biogenesis and division in the rapidly 
dividing and expanding cells. Collectively, the state of chloroplast development and 
chloroplast density can be the primary determinants of the photosynthetic pigment 
content in leaves. Young leaves, thus, can provide better in-planta model systems to 
decipher how developmental and environmental signals affect plastid development, 
signalling, and carotenoid biosynthesis during Arabidopsis leaf development. 
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Thesis structure 
This thesis comprises six chapters, of which, chapter 2, 3, 4, and 5 include 
original data. An introductory chapter incorporates a literature review (Chapter 1), 
and a general discussion (Chapter 6) includes the in-depth synthesis of results. 
Following sections are the highlights of each chapter. 
Chapter 1 describes the generic aspects of carotenoid metabolism, including 
biosynthesis, degradation, sequestration, and regulation along with the fundamental 
roles of carotenoids in plant development emphasising leaves. It also incorporates 
impacts of environmental conditions such as light, carbon dioxide (CO2), temperature, 
drought, and soil nutrient availability regulating carotenogenesis in plants. Here, I 
have highlighted the knowledge gaps in carotenogenesis research, particularly during 
the developmental changes in leaves as challenged by environmental perturbations. In 
concert with the published literature, I have formulated the working hypothesis that 
the developmental changes in leaves can affect carotenogenesis; therefore, the 
response to the environmental perturbations. 
Chapter 2 reveals the impacts of elevated atmospheric CO2 on the growth 
performance and level of photosynthetic pigments in Arabidopsis. Elevated CO2 
increased the number of leaves, rosette area, shoot biomass, seed yield, and net 
photosynthesis. The highlight of the chapter is that CO2 enrichment significantly 
increased the level of both carotenoids and chlorophylls in young leaves, whereas that 
of old leaves remained unchanged. Here, I demonstrate a higher capacity of younger 
leaves to utilise additional carbon from enhanced photosynthesis under elevated CO2 
to increase carotenoid content, yet older leaves have less ability to synthesise and/or 
store additional pigments. 
xxvi 
 
Chapter 3 demonstrates the impacts of long-term warming (+3 oC) and short-
term heatwave (> 43 oC) on carotenoid content in Eucalyptus parramattensis leaves 
from the plants grown in the whole-tree chamber (WTC) in the field conditions. Here, 
I reveal de-epoxidation of violaxanthin to enhance zeaxanthin accumulation in both 
young and old leaves from heatwave exposed Eucalyptus trees. However, the level of 
carotenoids remained unaffected in leaves from the Eucalyptus grown under long-
term warming (+3 oC) temperature. I describe how xanthophyll cycle carotenoids can 
attenuate heat-induced oxidative stress, enhancing heat tolerance in Eucalyptus leaves 
during extreme heatwave events. 
Chapter 4 demonstrates the impacts of short- and long-term cold exposure on 
the level of carotenoid and chlorophyll during Arabidopsis leaf development. Here, I 
reveal the leaf-age dependent effects on the level of both carotenoid and chlorophyll 
contents in response to a short-term (24-hours) cold treatment. This chapter discloses 
the novel finding that cold exposure can decrease both carotenoid and chlorophyll 
content in young leaves, whereas that of old leaves remain unchanged. Also, young 
leaves that were emerged during cold treatment and exposed to long-term cold 
accumulated a significantly higher level of both carotenoids and chlorophylls, 
demonstrating a typical age-related decline in pigment content in old leaves. 
Interestingly, a similar response of both carotenoids and chlorophylls to cold exposure 
implicates leaf-age related factor determining the photosynthetic pigment content in 
Arabidopsis leaves. 
Chapter 5 reveals the mechanistic aspects of carotenogenesis during 
Arabidopsis leaf development. In this chapter, I have dissected all possible scenarios 
affecting the level of carotenoids in leaves during developmental changes and in 
response to the changing environmental conditions. The transcript profile of the 
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critical genes that control isoprenoid biosynthesis (MEP pathway), carotenoid 
biosynthesis and degradation, and leaf phase regulatory pathways displays the age-
related differential expression of the respective genes in young and old leaves from 
WT Arabidopsis. The carotenoid and chlorophyll profile in young and old leaves from 
a wide range of mutant and gene overexpression lines in carotenoid biosynthesis and 
degradation and leaf phase regulatory pathways demonstrates new insights in 
carotenogenesis during leaf development. 
Examination of norflurazon induced phytoene accumulation in young and old 
leaves of different mutant and overexpression lines in combination with different light 
and temperature conditions highlights that carotenogenesis can be regulated strictly 
with chloroplast development as leaves progress through to maturation. This chapter 
discloses that short-term exposure (24-hours) to darkness, low temperature (7 oC), and 
norflurazon decrease the level of both carotenoids and chlorophylls in leaves 
implicating structural attributes of cell and chloroplasts to control photosynthetic 
pigment content in leaves. Collectively, I describe mechanistic insights whereby 
young leaves accumulate a substantially high level of carotenoids, which is, indeed, 
highly plastic to the environmental changes such as darkness, cold, and norflurazon. 
Finally, chapter 6 summarises the outcomes of the thesis consolidating the 
developmental and environmental regulatory aspects of carotenogenesis in 
Arabidopsis leaves. I have emphasised the state of chloroplast development and 
density as the primary determinants of the photosynthetic pigment content in 
Arabidopsis leaves and highlighted how young leaves of Arabidopsis could become a 
unique in-vivo system to explore chloroplast development and carotenoid metabolism. 
I have also highlighted limitations of the research and recommendations for the future 
research endeavours to explore the mechanism of what controls photosynthetic 
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pigment homeostasis in Arabidopsis leaves in response to environmental 
perturbations during maturation.    
Cover-page photograph: A long photoperiod-grown four-week-old Arabidopsis 
thaliana (Col-0) rosette (lower surface) displaying an ontogenic leaf numbering. 
1 
 
  
General introduction 
I have co-authored a review article (part of this chapter) published as Alagoz, 
Y., Nayak, P., Dhami, N., Cazzonelli, C., I. (2018). "cis-carotene biosynthesis, 
evolution and regulation in plants: The emergence of novel signalling metabolites. 
"Archives of Biochemistry and Biophysics 654: 172-184. Abstract of the article is 
given below, but the full text is not included in this dissertation. 
Abstract 
Carotenoids are isoprenoid pigments synthesised by plants, algae, 
photosynthetic bacteria as well as some non-photosynthetic bacteria, fungi and 
insects. Abundant carotenoids found in nature are synthesised via a linear route from 
phytoene to lycopene after which the pathway bifurcates into cyclised alpha- and 
beta-carotenes. Plants evolved additional steps to generate a diversity of cis-carotene 
intermediates, which can accumulate in fruits or tissues exposed to an extended 
period of darkness. Enzymatic or oxidative cleavage, light-mediated 
photoisomerisation and histone modifications can affect cis-carotene accumulation. 
cis-carotene accumulation has been linked to the production of signalling 
metabolites that feedback and forward to regulate nuclear gene expression. When 
cis-carotenes accumulate, plastid biogenesis and operational control can become 
impaired. Carotenoid-derived metabolites and phytohormones such as abscisic acid 
and strigolactones can fine-tune cellular homeostasis. There is a hunt to identify the 
cis-carotene-derived apocarotenoids and elucidate the molecular mechanism by 
which apocarotenoid signals facilitate communication between the plastid and 
nucleus. In this review, we describe the biosynthesis and evolution of cis-carotenes 
and their links to regulatory switches, as well as highlight how cis-carotene-derived 
apocarotenoid signals might control organelle communication, physiological and 
developmental processes in response to environmental change.  
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Environmental regulation of carotenoid metabolism in 
plants 
Abstract 
Carotenoids and their oxidation products facilitate photosynthesis, 
photomorphogenesis, developmental transitions, thermal tolerance, drought tolerance, 
and environmental adaptation of plants. The regulation of biosynthesis, degradation, 
and sequestration of carotenoids in both photosynthetic and non-photosynthetic 
tissues has been rigorously researched in different plants. The fundamental 
developmental changes in plants and external environmental perturbations massively 
affect production as well as functions of both carotenoids and their oxidation 
products. The literature review included herein highlights the genetic regulatory 
aspects of carotenoid metabolism and the critical functions of carotenoids in plants. I 
have summarised the knowledge pool regarding the impacts of environmental 
conditions such as light, carbon dioxide (CO2), temperature, drought, and soil nutrient 
availability in regulating carotenoid metabolism in plants. Carotenogenesis has been 
extensively explored in non-photosynthetic tissues such as fruits and roots. Here, I 
have highlighted the knowledge gaps in carotenogenesis in leaves, particularly during 
the developmental changes challenged by the environmental perturbations. In concert 
with the published literature, I hypothesised that morphological characteristics such as 
developmental phase and functional attributes such as the photosynthetic capacity of 
leaves could affect carotenoid content in environmental condition-dependent manner.  
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1.1 Carotenoids in general 
Carotenoids are 40-carbon isoprenoids that are synthesised de novo in 
carotenogenic organisms including plants (Sun et al., 2018), algae (Takaichi, 2011), 
cyanobacteria (Liang et al., 2006), bacteria (Klassen, 2010), and fungi (Echavarri-
Erasun and Johnson, 2002), although some microorganisms produce carotenoids with 
50-, 35-, and 30-carbon backbones (Umeno and Arnold, 2003; Steiger et al., 2012; 
Furubayashi et al., 2015). A few insects are the only known members from the animal 
kingdom, which can synthesise carotenoids de novo demonstrating the lateral transfer 
of carotenogenic gene cascades from the fungal donors such as  pea aphids (Moran 
and Jarvik, 2010; Novakova and Moran, 2012), phylloxerids (Zhao and Nabity, 2017), 
spider mites (Grbic et al., 2011; Altincicek et al., 2012), and gall midges (Cobbs et al., 
2013). Despite ubiquitous occurrence of carotenoids in non-carotenogenic organisms, 
where they facilitate a wide array of biological functions (Vershinin, 1999; Britton et 
al., 2008; Takaichi, 2011), all non-carotenogenic organisms including humans fulfil 
biological carotenoid requirement via dietary intake of carotenoid-rich ingredients 
obtained from the carotenogenic organisms, most commonly the algae and higher 
plants. 
The isolation of β-carotene from carrot roots by Wakenroder, HWF (1798-
1854) in 1831 was the first historic milestone in carotenoid biology research (Sourkes, 
2009). A century later, Paul Karrer (1889-1971) confirmed the chemical structure of 
β-carotene and vitamin A during 1930-33 (Karrer, 1934), and he received the Nobel 
Prize in Chemistry in 1937 for his breakthrough in carotenoid chemistry. After 70 
years of the pioneering work of elucidating the chemical structure of β-carotene, 
Britton and co-workers enumerated approximately 750 naturally occurring 
carotenoids reported from plants, algae, bacteria and fungi in 2004 (Britton et al., 
2004). Recently, an updated carotenoid database based on Yabuzaki (2017) has 
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compiled 1,181 natural carotenoids from 700 biological sources 
(http://carotenoiddb.jp/, as of August 31, 2019). The legacy of nearly 200 years of 
research in carotenoid biology has witnessed tremendous achievements exploring 
novel biological functions of a variety of carotenoids in both carotenogenic and non-
carotenogenic organisms. 
1.2 Biosynthesis of carotenoids 
In plants, carotenoid biosynthesis is traced as early as the onset of seed 
germination until seed set and embryo development (Goodwin, 1980; Ruiz-Sola and 
Rodriguez-Concepcion, 2012). Carotenoid biosynthetic pathways have been explored 
in many carotenogenic organisms; however, Arabidopsis (Ruiz-Sola and Rodriguez-
Concepcion, 2012) and tomato (Enfissi et al., 2017) tissues are extensively studied as 
the model systems. Besides, Chlamydomonas, Dunaliella, and Chlorella species have 
been increasingly utilised to explore carotenoid biology in algae (Pérez-Pérez et al., 
2012; Fachet et al., 2017; Wang et al., 2018). The carotenoid biosynthetic pathway is 
substantially similar in all carotenogenic organisms; however, algae and plants 
comprise additional enzymatic steps synthesising cis-carotenes, unlike prokaryotes 
(Figure 1.1), indicating evolutionary conserved biological functions of cis-carotenes.  
In all carotenogenic organisms, carotenoid biosynthesis begins with the 
condensation of two geranylgeranyl pyrophosphate (GGPP) molecules by 
PHYTOENE SYNTHASE (PSY) enzyme to make a 15-cis-phytoene molecule, a 
linear 40 carbon-containing colourless parental carotenoid (Rodriguez-Concepcion, 
2010; Sun et al., 2018). In plants and algae, the sequential desaturation and 
isomerisation of 15-cis-phytoene catalysed by PHYTOENE DESATURASE (PDS), 
ΖETA-CAROTENE ISOMERASE (ZISO), ΖETA-CAROTENE DESATURASE 
(ZDS), and CAROTENOID ISOMERASE (CRTISO) generate all-trans-lycopene. 
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However, the conversion of phytoene into all-trans-lycopene is catalysed by a single 
enzyme PHYTOENE DESATURASE (CrtI) in prokaryotes (Harada et al., 2001). The 
extra enzymatic steps producing cis-carotenes signify a functional evolution of 
carotenogenesis in plants and algae producing a range of cis-carotenes. However, the 
evolutionary significance of cis-carotenoid biosynthesis and their biological functions 
are less understood in plants and algae, which has been discussed in our recent review 
paper (Alagoz et al., 2018).  
All-trans-lycopene is a gateway substrate for the biosynthesis of both α- and β-
carotenoids in the downstream of the carotenoid biosynthetic pathway. A pair of 
lycopene cyclase enzymes introduce terminal β- and ε- or β- and β-ionone rings in all-
trans-lycopene. LYCOPENE β-CYCLASE (LCYB) adds two β-ionone rings, one by 
one via a γ-carotene intermediate, generating β-carotene. LYCOPENE ε-CYCLASE 
(LCYE) adds one ε-ionone ring to produce a δ-carotene intermediate to which LCYB 
introduces a second β-ionone ring generating α-carotene. Next, α-carotene is 
hydroxylated into lutein, whereas β-carotene undergoes hydroxylation and 
epoxidation to produce neoxanthin via β-cryptoxanthin, zeaxanthin, antheraxanthin, 
and violaxanthin intermediates. β-carotene and neoxanthin are the precursors utilised 
to produce apocarotenoid phytohormones such as strigolactones and abscisic acid, 
respectively. Both carotenoids and apocarotenoids, thus synthesised, accumulate in 
different tissues where they facilitate or perform several vital biological functions 
such as photosynthesis, photoprotection, and phytohormone production to regulate 
plant development orchestrating the environmental conditions. 
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Figure 1.1 A general route for the carotenogenesis in plants. 
The overall carotenogenesis can be broadly divided into three phases (preparation, 
biosynthesis, and degradation) depending on the nature of biochemical processes occurring in 
the respective phases. The preparatory phase encompasses the primary metabolic pathways 
that generate metabolite precursors particularly geranylgeranyl diphosphate (GGPP) which is 
subsequently utilised to synthesise phytoene commencing carotenogenesis. The carbon 
fixation during photosynthesis is the primary route to produce glucose, which is oxidised into 
pyruvate and glyceraldehyde, eventually feeding the methylerythritol 4-phosphate (MEP) 
pathway in the upstream of carotenogenesis. Also, the MEP pathway produces different 
isoprenoids that are utilised to produce a wide range of plastidial metabolites performing 
specific functions such as terpenoids, plastoquinones, and chlorophylls (Banerjee and 
Sharkey, 2014). The multistep biosynthetic pathway of carotenogenesis sequentially 
synthesises many cis- and trans-carotenes and xanthophylls that are localised in a tissue-
specific manner (Rodriguez-Concepcion et al., 2018). Strikingly, a single PHYTOENE 
DESATURASE (CrtI) enzyme can convert phytoene into all-trans-lycopene in prokaryotes 
(Harada et al., 2001). The all-trans forms of carotenoids are rather stable; however, the 
developmental and environmental condition-dependent oxidation of both cis-and trans-
carotenoids produces apocarotenoids including key phytohormones strigolactones and 
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abscisic acid from β-carotene and neoxanthin respectively (Harrison and Bugg, 2014). In the 
biosynthetic pathway illustrated above, steps with the symbol of Sun represent light-
dependent regulation of the individual gene expression and/or enzyme activity. In 
photosynthetic leaves, the epoxidation and de-epoxidation of zeaxanthin and violaxanthin, 
respectively via antheraxanthin intermediate maintains the xanthophyll cycle facilitating 
photoprotection of photosystems and chloroplasts during excessive illumination (Sacharz et 
al., 2017). The double-lined arching arrow represents a bypass pathway resembling 
prokaryotes in which a single PHYTOENE DESATURASE (CrtI) can directly synthesise all-
trans-lycopene (Galzerano et al., 2014). 
1.3 Tissue-specific accumulation of carotenoids 
In plants, several tissues can synthesise and store carotenoids ranging from 
embryonic to vegetative and reproductive stages. The vegetative and reproductive 
tissues comprise different types of plastids, reflecting diversity in plastid morphology, 
carotenoid chemistry, and biological functions (Bartley and Scolnik, 1995; Howitt and 
Pogson, 2006). Previous studies have explored the specific role and capacity of 
different plastid types in carotenoid biosynthesis and sequestration (Howitt and 
Pogson, 2006; Li et al., 2016; Sun et al., 2018). The proplastids are undifferentiated 
plastids lacking both thylakoid membranes and carotenoids, but they are the 
progenitors of all plastid types (Jarvis and Lopez-Juez, 2013; Li et al., 2016). The 
etioplasts of dark-grown tissues, such as cotyledons from the etiolated seedlings, 
sequester the smaller amount of carotenoids, but most dominantly lutein and 
violaxanthin that remain associated to the prolamellar bodies (PLBs) (Park et al., 
2002; Rodriguez-Villalon et al., 2009). Light exposure triggers the transformation of 
etioplasts into the photosynthetically functional chloroplasts, which accommodate a 
range of carotenoids. Chloroplasts in the photosynthetic tissues usually comprise 
lutein, β-carotene, violaxanthin, neoxanthin, zeaxanthin and antheraxanthin, which are 
conserved regardless of the plant species (Goodwin, 1980). However, different plants 
accumulate specific carotenoids in various tissues such as lycopene in tomato fruits 
and β-carotene in carrot roots demonstrating the tissue-specific accumulation of 
carotenoids.  
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In leaves, chloroplast membranes and thylakoids are the main sites of 
carotenoid biosynthesis and sequestration; however, the developmental stages of 
leaves can affect both chloroplast development and carotenogenesis (Cazzonelli and 
Pogson, 2010). In Arabidopsis, recently emerged younger leaves comprise higher 
levels of foliar carotenoid content compared to older leaves (Stessman et al., 2002; 
Dhami et al., 2018) and leaf senescence triggers chloroplast disintegration decreasing 
the level of carotenoids, concurrently with chlorophylls (Whitfield and Rowan, 1974; 
Rottet et al., 2016). The ultrastructure and functional stages of chloroplasts vary 
drastically in young and mature leaves such as the rapid division and expansion of 
cells in young leaves gradually increase the leaf area (Gonzalez et al., 2012). Younger 
leaves contain poorly developed chloroplasts with fewer grana stacks and 
undifferentiated lamellae compared to the fully differentiated and larger chloroplasts 
comprising a highly ordered thylakoid network with a maximum number of grana 
stacks and thylakoid lamellae from the mature leaves (Gugel and Soll, 2017)(Kutík et 
al., 1999). However, an explanation for the observation that the level of carotenoids in 
young leaves was nearly double compared to that of old leaves remain unclear 
(Stessman et al., 2002; Dhami et al., 2018). During leaf senescence, chloroplasts 
transform into gerontoplasts accommodating structural and functional alterations 
(Parthier, 1988; Biswal et al., 2012). Thylakoid membranes degrade in gerontoplasts 
and carotenoids localise into plastoglobuli where carotenoids are enzymatically 
oxidised, as the leaf senescence progresses (Biswal, 1995; Thomas et al., 2003). 
Collectively, the dynamic changes in the level and diversity of carotenoids in 
etioplasts, chloroplasts, and gerontoplasts from the leaves are tightly linked to 
enabling, performing, and ceasing the chloroplast functions, respectively. The 
regulation of carotenogenesis during leaf development is, therefore, tightly controlled 
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in concert with the prevailing environmental conditions to attain functional integrity 
of leaves.  
In non-photosynthetic tissues, chromoplasts accumulate large quantities of 
specific carotenoids (Li and Yuan, 2013) such as lutein in marigold petals (Hadden et 
al., 1999), crocin in saffron stigma (Frusciante et al., 2014), lycopene in ripened 
tomato fruits (Enfissi et al., 2017), and β-carotene in carrot roots (Sourkes, 2009), 
which demonstrates the tissue-specific regulation of carotenoid sequestration. In 
chromoplasts, carotenoids form carotenoid-lipoprotein complexes remain associated 
with plastoglobuli (Li and Yuan, 2013). Crystalised carotenoids are also found in the 
chromoplasts such as in carrot roots (Frey-Wyssling and Schwegler, 1965; Maass et 
al., 2009; Kim et al., 2010) and ripe fruits such as tomato (Harris and Spurr, 1969), 
and mango (Vasquez-Caicedo et al., 2006). The biology of chloroplast-to-chromoplast 
transition and carotenogenesis is extensively studied during the development and 
ripening of climacteric fruits including tomato (de Vos et al., 2011; Egea et al., 2011; 
Namitha et al., 2011; Pattison et al., 2015). The amyloplasts or leucoplasts are 
carotenoid sequestration sites in starch-rich tissues such as seeds, roots, and tubers 
(Howitt and Pogson, 2006; Li et al., 2016). Lutein, zeaxanthin, and β-carotene are 
commonly found in starch-rich seeds of maize (Wurtzel, 2004; O'Hare et al., 2015), 
wheat (Abdel-Aal el et al., 2007; Hussain et al., 2015), rice (Lamberts and Delcour, 
2008), millet (Shen et al., 2015), and soybean (Monma et al., 2014) and the tubers of 
potato  (Brown et al., 1993; Morris et al., 2004), and sweet potato (Islam et al., 2016). 
Likewise, elaioplasts store lutein and traces of other carotenoids in lipid-rich seeds 
(Howitt and Pogson, 2006) such as canola (Shewmaker et al., 1999) and Arabidopsis 
(Gonzalez-Jorge et al., 2013). The tissue-specific plastid types sequester specific 
carotenoids during plant development and in response to changes in the 
environmental conditions. 
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1.4 Degradation of carotenoids 
Carotenoids and carotenoid-derived apocarotenoids are involved in multiple 
biological processes ranging from photosynthesis and photoprotection to 
phytohormone production and stress signalling in plants. The poly-unsaturated carbon 
skeleton of carotenoids allows them to generate multiple isomeric forms; however, 
being chemically stable, the trans-isomers dominate over cis-isomers (Schenk et al., 
2014; Baranski and Cazzonelli, 2016). The light and temperature conditions can affect 
isomerisation and, therefore, influence the stability of carotenoids both in vitro and in 
vivo (Updike and Schwartz, 2003; Aman et al., 2005). The 14CO2 pulse-chase 
labelling technique demonstrated that incorporation of 14C in β-carotene occurred 
within 30 minutes of 14CO2 administration, suggesting the continuous and a rapid 
biosynthesis and turnover of carotenoids in Arabidopsis leaves (Beisel et al., 2010; 
Beisel et al., 2011). A developmentally programmed decrease in the level of 
carotenoids is seen during leaf maturation (Ghosh et al., 2001; Stessman et al., 2002; 
Dhami et al., 2018), leaf senescence (Whitfield and Rowan, 1974; Rottet et al., 2016), 
and seed maturation (Gonzalez-Jorge et al., 2013) in plants. The CAROTENOID 
CLEAVAGE DIOXYGENASE (CCD) and 9‐CIS‐EPOXYCAROTENOID 
DIOXYGENASE (NCED) enzymes are known to catalyse oxidative cleavage of β-
carotene and violaxanthin/neoxanthin respectively (Bouvier et al., 2005; Walter and 
Strack, 2011) and produce biologically crucial apocarotenoids. The oxidation of β-
carotene produces strigolactones and signalling apocarotenoids such as β-cyclocitral, 
dihydroactinidiolide and β-ionone in plants (Walter and Strack, 2011; Havaux, 2014; 
Rottet et al., 2016). NCEDs are known to cleave violaxanthin and/or neoxanthin that 
commence abscisic acid biosynthesis (Nambara and Marion-Poll, 2005). The 
biological functions of strigolactones and abscisic acid in root as well as shoot 
branching and stomata functioning, respectively, signify the essential roles for 
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carotenoid turnover, but in a tissue-specific manner (Finkelstein, 2013; Al-Babili and 
Bouwmeester, 2015).  
In mature leaves, carotenoid content attains steady state regardless of the 
continuous turnover (Beisel et al., 2010; Beisel et al., 2011). However, enhanced 
enzymatic degradation of β-carotene (particularly by CCD4) takes place during leaf 
senescence and seed maturation (Biswal, 1995; Gonzalez-Jorge et al., 2013; Rottet et 
al., 2016). The ccd4 mutants accumulate a higher level of β-carotene, confirming 
CCD4 as a negative regulator of β-carotene accumulation in Arabidopsis seeds 
(Gonzalez-Jorge et al., 2013; Bruno et al., 2015). β-carotene is also cleaved by CCD7 
to commence strigolactone biosynthesis (Bruno et al., 2014). Xanthophylls are the 
less likely substrates of CCDs; however, CCD4 dependent oxidative degradation of 
lutein and violaxanthin can occur in senescing chloroplasts (Rottet et al., 2016). 
Interestingly, CCD genes demonstrated a tissue-specific expression profile and 
differential response to hormone treatment and stress conditions such as in apple 
(Chen et al., 2018). In Arabidopsis roots, but not in shoots, application of D15 (an 
aryl-C3N hydroxamic acid analog), a chemical inhibitor of CCD activity, enhanced 
carotenoid content nearly 80% due to the reduced enzymatic degradation of 
carotenoids (Van Norman et al., 2014). Also, non-enzymatic oxidation contributes to 
carotenoid degradation and generation of apocarotenoids in leaves, particularly during 
environmental stress conditions (Havaux, 2014; Schaub et al., 2017). Carotenoid 
degradation, thus, represents a crucial regulatory phenomenon controlling the tissue-
specific carotenoid accumulation and understanding how environmental and 
developmental cues can affect carotenoid turnover. 
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1.5 Regulation of carotenogenesis in leaves  
The ubiquitous presence of a range of carotenoids in the different tissue types 
that perform specific biological functions requires a tight synchronisation in 
biosynthesis, degradation, and sequestration of carotenoids. Carotenogenesis is 
specialised in a tissue-specific manner; hence, fundamental developmental changes 
can affect biosynthesis as well as accumulation of carotenoids. The diurnal and 
seasonal changes in environmental conditions and instantaneous stresses imposed by 
different biotic and abiotic factors can also influence both biosynthesis and 
degradation of carotenoids (Kim et al., 2011; Holeski et al., 2012; Moore et al., 2014; 
Esteban et al., 2015). In leaves, carotenoids are involved in a multitude of functions; 
hence, carotenogenesis is regulated, maintaining the functional integrity of 
chloroplasts in response to endogenous physiological cues and environmental 
changes. There are many contemporary reviews on the molecular interactions that 
regulate carotenogenesis in different tissue types (Liu et al., 2015; Nisar et al., 2015; 
Yuan et al., 2015; Llorente, 2016). However, environment-induced regulation of 
carotenoid metabolism remains obscure despite noticeable alterations in carotenoid 
content in leaves under different magnitudes of light, temperature, CO2, drought, and 
nutrients.  
The production of isoprenoid precursors is prerequisite to initiate 
carotenogenesis. The first rate-limiting step of the MEP pathway is catalysed by the 
enzyme DXS that commences and controls the production of isoprenoid precursors 
for carotenoid biosynthesis. The MEP pathway itself is dynamically regulated to 
orchestrate the developmental stage of the tissues and environmental conditions, 
which has been rigorously studied (Bruggemann and Schnitzler, 2002; Walter et al., 
2012) and reviewed (Cordoba et al., 2009; Banerjee and Sharkey, 2014). The end 
product of the MEP pathway, GGPP, is utilised by the enzyme PSY to commence 
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carotenogenesis; therefore, the abundance of GGPP directly affects carotenoid 
biosynthesis. For example, exogenous feeding of 1-deoxy-D-xylulose (DX) increased 
the lycopene content in tomato (Lois et al., 2000). Likewise, overexpression of 1-
deoxy-D-xylulose-5-phosphate synthase (DXS) gene enhanced the level of 
isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate 
(DMAPP), which subsequently increased lycopene production in Corynebacterium 
glutamicum (Heider et al., 2014). These pieces of evidence exemplify how a greater 
availability of isoprenoid precursors and an efficient utilisation of precursors can 
affect carotenogenesis.  
The head-to-head condensation of two GGPP molecules into a phytoene 
commences carotenogenesis in all carotenogenic organisms, which is a crucial 
regulatory step determining the precursor flux into the carotenoid biosynthetic 
pathway (Dogbo et al., 1988; Han et al., 2015). Many molecular regulatory factors 
can affect transcription and translation of PSY and phytoene biosynthesis. Firstly, the 
number of PSY genes varies in different plants such as one in Arabidopsis (Welsch et 
al., 2003; Rodriguez-Villalon et al., 2009), two in carrot (Wang et al., 2014), three in 
tomato (Giorio et al., 2008; Fantini et al., 2013); maize (Li et al., 2008; Li et al., 
2008); rice (Welsch et al., 2008); and apple (Ampomah-Dwamena et al., 2015), and 
six in rapeseed (Lopez-Emparan et al., 2014). The existence of multiple PSY genes 
indicates distinct spatial and/or temporal regulation of carotenogenesis (Li et al., 
2008; Wang et al., 2014). 
The light quality has pronounced effects on PSY expression, which involves a 
phytochrome-mediated regulatory network. During the dark condition, phytochrome 
interacting factors (PIFs), such as PIF1, represses the expression of PSY and, 
therefore, downregulates carotenogenesis (Toledo-Ortiz et al., 2010). The exposure to 
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far-red and red light enhances PSY expression, PSY protein level, and the carotenoid 
content in Arabidopsis seedlings (von Lintig et al., 1997). The expression of PSY is 
also regulated differentially in photosynthetic and non-photosynthetic tissues, as 
observed in carrot leaves and roots (Wang et al., 2014). Root tissues display PSY 
expression independent of PIFs revealing a tissue-specific regulation of PSY (Welsch 
et al., 2000; Ruiz-Sola et al., 2014). The inability of norflurazon treated leaves of 
Capsicum annum to synthesise phytoene (Simkin et al., 2003) reiterates the light-
dependent regulation of PSY in a tissue-specific manner.  
The alternative splicing of the 5’UTR (untranslated region) of PSY regulates the 
differential expression of PSY itself in response to the developmental and/or 
environmental conditions in Arabidopsis (Alvarez et al., 2016). Of the two alternative 
splice variants of PSY (ASV1 and ASV2), the long ASV1 is involved in 
developmental regulation of PSY such as during de-etiolation, whereas the shorter 
ASV2 is induced when an immediate burst of carotenoid level is required, such as 
during salt and light stress (Alvarez et al., 2016). Also, there are reports on the 
epigenetic signatures influencing the expression of PSY and carotenogenesis in plants 
(Cazzonelli et al., 2009; Arango et al., 2016). For example, the DEMETER-like DNA 
demethylase (DML) mediated active demethylation of PSY1 promoter region is 
required to stimulate carotenoid accumulation and fruit ripening in tomato (Liu et al., 
2015). Therefore, tight regulation of PSY gene transcription is required in response to 
the developmental and environmental conditions. 
The activity of PSY enzyme controls the metabolic precursor supply into the 
carotenoid biosynthetic pathway (Rodriguez-Villalon et al., 2009; Meier et al., 2011; 
Moise et al., 2014; Tian, 2015), and differential localization of PSY within 
chloroplasts can affect its activity (Sugiyama et al., 2017), therefore, carotenogenesis. 
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The functional interactions of PSY with other enzymes can also affect phytoene 
biosynthesis. For example, GGPPS11 is a hub enzyme required to produce plastidial 
isoprenoids, including carotenoids. GGPPS11 physically interacts with PSY and 
facilitate GGPP channelling into the carotenoid biosynthetic pathway as evident in 
Arabidopsis (Ruiz-Sola et al., 2016). The overexpression of ORANGE gene (AtOR) 
can increase the level of functional PSY, subsequently increasing carotenoid 
accumulation as evident in Arabidopsis (Zhou et al., 2015). OR proteins enhance 
chromoplast differentiation and β-carotene accumulation (Lu et al., 2006; Lopez et al., 
2008; Zhou et al., 2015). Interestingly, the alteration in a single nucleotide in melon 
(Cucumis melo) OR gene (CmOR) that replace arginine with histidine in CmOR 
protein can convert green fruit pulp into orange with enriched β-carotene 
accumulation (Tzuri et al., 2015; Chayut et al., 2017). In contrast, Clp proteases 
degrade PSY under higher temperature conditions downregulating the carotenoid 
biosynthesis (Welsch et al., 2018). The overexpression of PSY increased carotenoid 
accumulation in Arabidopsis roots by 100-fold, whereas carotenoid levels remain 
unchanged in photosynthetic tissues (Maass et al., 2009; Alvarez et al., 2016), which 
reinforces the tissue-specific regulation of PSY. Therefore,  multiple regulatory 
interactions involved in regulating PSY activity and, eventually, determine phytoene 
biosynthesis and carotenogenesis in a tissue-specific manner. 
In the downstream of PSY, plants and algae utilise two desaturases (PDS & 
ZDS) and two isomerases (ZISO & CRTISO), extending carotenoid biosynthetic 
pathway into four enzymatic steps, to obtain all-trans-lycopene unlike a single 
desaturase, CrtI, that converts phytoene into all-trans-lycopene in prokaryotes 
(Harada et al., 2001). In plants and algae, multistep synthesis of different cis-
carotenes, which can perform unique biological functions in plastid development and 
signalling, signify the functional evolution of carotenogenesis in higher plants 
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(Alagoz et al., 2018). The desaturation of phytoene into tri-cis-ζ-carotene is another 
critical regulatory step in carotenogenesis, which involves PLASTID TERMINAL 
OXIDASE (PTOX) and plastoquinone (PQ)(Koschmieder et al., 2017). PTOX 
controls the redox state of PQ in chloroplasts (Kambakam et al., 2016) and the 
disruption of PTOX function can inhibit carotenoid biosynthesis, subsequently 
increasing the photosensitivity of chloroplasts followed by the severe developmental 
defects (Carol and Kuntz, 2001; Nawrocki et al., 2015). Likewise, the disruption of 
PDS function or chemical inhibition of PDS activity by norflurazon both accumulate 
phytoene and inhibit carotenogenesis, which enhances photooxidation of chloroplasts 
and produce bleached leaf phenotypes (Mayfield et al., 1986; Qin et al., 2007).  PDS 
controls the metabolite flux into the carotenoid biosynthetic pathway as evident from 
the fact that the overexpression of Arabidopsis PDS gene (AtPDS) in tomato increased 
the transcript abundance of both MEP pathway and carotenoid biosynthetic pathway 
genes, therefore, carotenoid content (McQuinn et al., 2018). However, transcription of 
PDS is independent of the pigment pool in leaves (Wetzel and Rodermel, 1998). ZDS 
is also a crucial enzyme that catalyses the conversion of di-cis-carotene into tetra-cis-
lycopene and affects chloroplast development (Dong et al., 2007). Like PDS, 
overexpression of ZDS can enhance the transcription of the downstream pathway 
genes, therefore, increase carotenoid accumulation as evident from the increase in 
lutein and β-carotene in sweet potato (Li et al., 2017). The transcription of PDS gene 
and enzyme kinetics of PDS both are critical in regulating carotenogenesis in plastids 
(Brausemann et al., 2017); however, the functional regulation of ZDS remains 
unknown. 
The function of ZISO and CRTISO is crucial to maintain the level of both cis-
carotenes and downstream carotenoids and, therefore, plastid development. However, 
the fact that photoisomerisation can compensate for the function of both ZISO and 
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CRTISO during light exposure is intriguing. ZISO is an integral membrane protein 
and catalyses ferrous heme b cofactor-dependent isomerisation of tri-cis-ζ-carotene 
into di-cis-ζ-carotene (Chen et al., 2010; Beltran et al., 2015). CRTISO requires 
anaerobic condition for activity and catalyses FADRED-dependent non-redox 
isomerisation of tetra-cis-lycopene into all-trans-lycopene (Yu et al., 2011). The 
differential methylation surrounding the CRTISO region controls the level of its 
transcription epigenetically, which is evident from the substantial reduction in 
CRTISO transcripts in histone methylase transferase (SET DOMAIN GROUP 8) sdg8 
mutant plants (Cazzonelli et al., 2009; Cazzonelli et al., 2009). The loss of CRTISO 
and SDG8 function both reduce the lutein content and increase β-branch carotenoids 
demonstrating a crucial role of CRTISO in regulating pathway flux into α- and β-
branch (Park et al., 2002). In dark-grown seedlings, cotyledons from both ziso and 
crtiso accumulate cis-carotenes and impair PLB formation in etioplasts consequently 
delaying the cotyledon greening after light exposure (Park et al., 2002). However, 
light exposure facilitates the photoisomerisation of cis-carotenes and resume both 
carotenogenesis and plastid development in ziso (Chen et al., 2010) and crtiso (Park et 
al., 2002) mutants, which demonstrates the developmental regulation of both ZISO 
and CRTISO. Collectively, ZISO and CRTISO both displayed the transcriptional and 
post-transcriptional regulation, perhaps their interactions in response to the intrinsic 
developmental signals and environmental changes remain open to exploration. 
The cyclisation of all-trans-lycopene by LCYE and LCYB to generate α- and β-
branch carotenoids is another crucial step in carotenogenesis. The differential 
regulation of LCYE and LCYB can alter the pathway flux into α- and β-branches. It is 
evident that the loss of CRTISO function, such as in crtiso, downregulated the 
transcription of LCYE and decreased the level of lutein concurrently shifting the 
pathway flux into β-branch (Cazzonelli et al., 2009; Cazzonelli et al., 2009). 
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Likewise, loss of LCYE function or downregulation of LCYE expression both 
enhanced the level of β-branch carotenoids (Pogson et al., 1996; Kim et al., 2013). 
However, overexpression of LCYE increased the lutein content and enhanced cold 
tolerance in Arabidopsis (Song et al., 2016). It is interesting to note that the 
overexpression of LCYB enhanced the expression of genes involved in both the MEP 
pathway and carotenogenesis increasing the level of β-branch carotenoids (Moreno et 
al., 2016). The cyclisation step is, thus, a critical regulatory checkpoint determining 
the precursor flux into the carotenoid biosynthetic pathway and the ratio of α- and β-
branch carotenoids. 
In leaves, the level of xanthophyll cycle carotenoids is tightly controlled as per 
the light and temperature conditions such that the intense light and high-temperature 
stress both increase zeaxanthin accumulation to protect chloroplast from the oxidative 
stress (Milanowska and Gruszecki, 2005; Sacharz et al., 2017). Likewise, 
overexpression of β-carotene hydroxylase (bOHase) caused a two-fold increase in 
xanthophyll cycle pigment pool, which substantially enhanced high light and 
temperature tolerance in Arabidopsis (Davison et al., 2002). The intense light and 
temperature stresses trigger de-epoxidation of violaxanthin to accumulate zeaxanthin 
that neutralises the heat and light-induced oxidative stress (Lawanson et al., 1978; 
Milanowska and Gruszecki, 2005; Magdaong and Blankenship, 2018). Thus, 
xanthophyll cycle pigments display stringent control in response to the environmental 
conditions imparting stress tolerance and acclimation.  
Finally, carotenoid turnover is a continuous process that maintains 
carotenogenesis as well as the production of the physiologically essential 
apocarotenoids (Beisel et al., 2010) such as strigolactones from β-carotene (Al-Babili 
and Bouwmeester, 2015) and abscisic acid from neoxanthin (Nambara and Marion-
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Poll, 2005). Xanthophylls and carotenes both undergo enzymatic and non-enzymatic 
oxidation, but β-carotene is the main target of carotenoid degradative enzymes such as 
CCD4 (Gonzalez-Jorge et al., 2013). Apocarotenoids are crucial metabolites that 
affect plant development and environmental signalling and acclimation; therefore, the 
state of carotenoid degradation can be influenced by both developmental and 
environmental changes (Ramel et al., 2012; Havaux, 2014). For example, a 
phosphate-deprived condition can enhance strigolactone production and root 
branching, subsequently stimulating mycorrhizal symbiosis (Decker et al., 2017). 
Likewise, drought stress triggers the degradation of neoxanthin to produce abscisic 
acid to stimulate stomatal closure (Golldack et al., 2014; Dong et al., 2015). Also, 
there are reports on microRNAs affecting carotenoid degradation in seeds. For 
example, overexpression of miR156 downregulated SQUAMOSA PROMOTER 
BINDING PROTEIN LIKE (SPL) family transcription factors and increased 
carotenoid accumulation in seeds potentially by reducing carotenoid degradation (Wei 
et al., 2010; Wei et al., 2012). However, the effects of miRNAs and SPLs on the 
carotenoid metabolism in leaves are unexplored. The regulation of carotenoid 
degradation and apocarotenoid production is not within the scope of this review, but 
there are many useful contemporary reviews such as Dong et al. (2015), Walter and 
Strack (2011), and Hou et al. (2016). Collectively, both genetic and epigenetic factors 
affect carotenoid metabolism, but there is much to explore regarding environmental 
regulation of carotenogenesis in leaves. 
1.6 Function of carotenoids in plant development 
Carotenoids and carotenoid-derived apocarotenoids facilitate multiple biological 
functions in both carotenogenic and non-carotenogenic organisms. Various functions 
of carotenoids in different organisms (including human health benefits) are described 
in several reviews such as Britton (2008) and Rodriguez-Concepcion et al. (2018). 
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The plant kingdom is rich in carotenoid diversity; perhaps most of the carotenoids are 
associated with the species- or tissue-specific developmental and ecophysiological 
functions in plants. In photosynthesising tissues, carotenoids are involved in light-
harvesting during photosynthesis and protect photosystems from photooxidative 
damage. Lutein, β-carotene, violaxanthin, and neoxanthin are the most abundant 
carotenoids found in the structural components of the light-harvesting complexes in 
plants (Grudzinski et al., 2001; Liguori et al., 2015; Qin et al., 2015; Mazor et al., 
2017). In light-harvesting complexes, carotenoids absorb photons from the blue-green 
zone (ca. 450-570 nm) of the visible spectrum, subsequently transferring energy to the 
chlorophylls (Croce et al., 2001; Scott, 2001; Bode et al., 2009; Holleboom and 
Walla, 2014). Thus, as accessory antennae pigments, carotenoids enhance 
photosynthetic light-harvesting in plants.  
Besides photon harvesting, carotenoids are antioxidants and protect 
photosynthetic apparatus from the photo-oxidative damage during excessive 
illumination via nonphotochemical quenching (NPQ) of chlorophyll triplets and 
singlet oxygen (Young and Frank, 1996; Cogdell et al., 2000; Santabarbara et al., 
2013; Kusama et al., 2015). During NPQ, de-epoxidation of violaxanthin into 
zeaxanthin favours dissipation of excess chlorophyll excitation excess energy in the 
form of heat (Papageorgiou and Govindjee, 2014; Ruban, 2016). Lutein is the most 
abundant xanthophyll, occupying nearly 50 % of the total foliar carotenoids in 
photosynthetic tissues, and facilitates structural stabilisation of antenna proteins, light-
harvesting, and quenching triplet excited chlorophylls (3Chl*) (Pogson et al., 1996; 
Jahns and Holzwarth, 2012). Lutein facilitates quenching of singlet excited 
chlorophyll (1Chl*), NPQ, in the zeaxanthin deficient npq1 mutant (Li et al., 2009). In 
contrast, lutein deficient mutants accumulate a higher amount of xanthophyll cycle 
carotenoids, demonstrating enhanced light stress tolerance (Ware et al., 2016). 
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Zeaxanthin can modify the physical properties of lipid membranes including 
thylakoids by decreasing membrane fluidity and, hence, enhances membrane stability 
against lipoxidation under intense light and temperature conditions (Havaux, 1998; 
Gruszecki and Strzalka, 2005; Augustynska et al., 2015; Grudzinski et al., 2017). 
Thus, xanthophylls perform vital functions in tissue and/or environment-specific 
manner. 
Many plants accumulate cis-carotenes in a tissue-specific manner and response 
to the environmental conditions, see our recent review on cis-carotenes (Alagoz et al., 
2018) for further details, yet their biological functions remain open to exploration. 
During seed germination and seedling development under dark conditions 
(skotomorphogenesis), carotenoid biosynthesis takes place in the etioplasts of 
yellowish cotyledons. Carotenoids facilitate the formation of PLBs, which are 
subsequently transformed into thylakoids after light exposure and initiate chlorophyll 
biosynthesis and photomorphogenesis (Park et al., 2002; Denev et al., 2005; Cuttriss 
et al., 2007). The dark-grown cotyledons of ziso mutants accumulate 9,15,9’-tri-cis-ζ-
carotene and produce a small number of impaired PLBs in the etioplasts (Chen et al., 
2010). However, etioplasts of crtiso mutants accumulate cis-carotenes, most 
dominantly 7,9,9’-tri-cis- neurosporene and 7,9,7’,9’-tetra-cis-lycopene, which are 
linked to the complete perturbation of PLB formation and delay cotyledon greening 
after light exposure (Park et al., 2002; Cuttriss et al., 2007). Interestingly, norflurazon 
(an inhibitor of PDS activity) treatment blocks cis-carotene biosynthesis and restore 
PLB formation in crtiso (Cuttriss et al., 2007). Likewise, ziso crtiso double mutants 
can restore PLB formation and chloroplast development, indicating a potential role of 
the tri-cis- neurosporene or tetra-cis-lycopene in controlling the plastid development 
(Cazzonelli et al., 2019). Under light exposure, photoisomerisation can compensate 
for the loss-in-function of ZISO and CRTISO activity, subsequently resuming both 
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PLB formation and chloroplast development. It is interesting to highlight that cis-
carotene derived cleavage products can facilitate intra-cellular retrograde signalling 
during plastid development to post-transcriptionally control protein levels (Cazzonelli 
et al., 2019). The cis-carotene and cis-carotene-derived apocarotenoids are foreseen as 
the potential regulatory signals maintaining chloroplast biogenesis and plant 
development (Hou et al., 2016). For instance, phytofluene and ζ-carotene or their 
oxidation products (apocarotenoids), accumulated in Arabidopsis zds/clb5 mutants 
affect the expression of nuclear genes and leaf development (Avendano-Vazquez et 
al., 2014). As highlighted in Alagoz et al. (2018), the evolutionary significance and 
biological functions of cis-carotenes and cis-carotene-derived apocarotenoids are open 
for further discovery. 
In higher plants, carotenoids are the precursors of apocarotenoid phytohormones 
particularly abscisic acid (Nambara and Marion-Poll, 2005) and strigolactones 
(Ruyter-Spira et al., 2013) and both control vital physiological activities during plant 
development and environmental acclimation processes. The seed dormancy and 
repression of seed germination under unfavourable conditions is one of the critical 
functions of abscisic acid (Kang et al., 2015). In leaves, abscisic acid controls 
stomatal opening integrating carbon and water relations in response to the 
environmental conditions (Chater et al., 2014). Strigolactones control root and shoot 
branching in plants. The phosphate limitation in soil stimulates strigolactone 
production, which subsequently stimulates lateral root formation and root hair 
elongation (Kapulnik et al., 2011; Kapulnik and Koltai, 2014). In contrast, increase in 
the level of strigolactones inhibits shoot branching (Gomez-Roldan et al., 2008). In 
addition, carotenoids are precursors of the environment signalling metabolites β-
cyclocitral (Ramel et al., 2012), dihydroactinidiolide (Shumbe et al., 2014), and other 
apocarotenoids (Havaux, 2014; Hou et al., 2016). Various carotenoids and their 
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derivatives generate a vibrant colouration and aroma in flowers and fruits that attract 
pollinators and seed carriers to facilitate reproductive success and seed dispersal in 
plants (Cazzonelli, 2011). The functional diversity of a variety of carotenoids and 
carotenoid-derived apocarotenoids signify the evolutionary significance of 
carotenoids in plants particularly to regulate plant development and environmental 
acclimation.  
1.7 Carotenoids and leaf development: impacts of cell, plastid and 
retrograde signals  
Carotenoids directly affect the early development of leaves and chloroplasts as 
evident in dark-grown leaves and cotyledons of crtiso mutants, where an 
accumulation of cis-carotenes impair PLB formation and photomorphogenesis (Park 
et al., 2002; Cuttriss et al., 2007). In photosynthetically functional leaves, carotenoids 
are synthesised and sequestered in chloroplasts. In leaves, chloroplast development 
displays a distinct transition from proplastid to etioplast to chloroplast to gerontoplast 
as the leaves grow from primordia through to the senescing leaves (Jarvis and Lopez-
Juez, 2013; Sun et al., 2018). Etioplasts in the yellowish cotyledons from the recently 
emerged seedlings mainly accumulate lutein and violaxanthin with the traces of β-
carotene and neoxanthin (Rodriguez-Villalon et al., 2009). However, light exposure 
alters both content and proportions of foliar carotenoids concurrently transforming 
etioplasts into photosynthetically functional chloroplasts, as the cotyledon/leaf 
greening progress (Arsovski et al., 2012). Carotenoids and carotenoid-derived 
metabolites facilitate functional homeostasis in leaves in general and, more so, during 
light, temperature, and drought stress conditions (Britton, 2008; Ruban, 2016). 
 During leaf maturation, a rapid cell division follows a gradual expansion in cell 
size, mainly due to the development of a central vacuole occupying up to 90 % of the 
cell volume (Rojo et al., 2001; Gonzalez et al., 2012; Kruger and Schumacher, 2018) 
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in the young developing leaves, consequently increasing leaf area, light-harvesting, 
and carbon acquisition (Rojo et al., 2001; Gonzalez et al., 2012; Kruger and 
Schumacher, 2018). Massive changes in density, size, and ultrastructure of 
chloroplasts occur during leaf expansion (Table 1), which is affected by the light 
availability and pigment biosynthesis, both carotenoids and chlorophylls (Jarvis and 
Lopez-Juez, 2013). The number of grana stacks and thylakoid lamellae vary in the 
chloroplasts of different maturity level such as fully differentiated chloroplasts from 
the mature leaves comprise a highly ordered thylakoid network with a maximum 
number of grana stacks and thylakoid lamellae, whereas the immature chloroplasts 
from younger leaves possess fewer grana stacks with poorly developed thylakoids and 
undifferentiated lamellae as evident in Arabidopsis (Gugel and Soll, 2017) and maize 
(Kutík et al., 1999). Older leaves comprise relatively larger cells accommodating a 
higher number of larger sized chloroplasts compared to younger leaves, which can 
provide a higher capacity to store carotenoids.  
The increase in cell size during leaf maturation is also accompanied with the 
increase in ploidy level due to endoreduplication of the nuclear DNA, which shows 
the links between environmental conditions and functional plasticity of leaves 
(Melaragno et al., 1993; Cookson et al., 2006). In contrast, chloroplast DNA (ptDNA) 
copy number decreases in the cells from mature leaves (Rowan et al., 2009; Golczyk 
et al., 2014). However, it is unclear whether the change in DNA copy number affects 
the level of photosynthetic pigment content in leaves. In Arabidopsis, the total protein 
content, rate of photosynthesis, and chlorophyll pigment levels in recently emerged 
leaves were higher than that of the mature leaves (Stessman et al., 2002; Ishihara et 
al., 2015). In concert, the levels of both carotenoids and chlorophylls were 
substantially higher in the recently emerged young leaves compared to the old leaves 
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(Dhami et al., 2018), which demonstrates the leaf-age dependent regulation of the 
photosynthetic pigment pool. 
Table 1.1 Functional characteristics of mesophyll cells from young and mature leaves. 
Cell attributes Young leaf Mature leaf References 
Cell size  Small Large  (Possingham and 
Saurer, 1969) 
Cell density/area High Low  (Possingham and 
Saurer, 1969) 
Vacuole size Small Large (Noguchi and 
Hayashi, 2014; Kruger 
and Schumacher, 
2018) 
Chloroplast size Small Large (Gugel and Soll, 
2017) 
Grana stacks and thylakoids High Low (Kutík et al., 1999; 
Gugel and Soll, 2017) 
Chloroplast density/cell Low  High (Kutík et al., 1999; 
Stettler et al., 2009) 
Total protein content High Low (Stessman et al., 2002; 
Ishihara et al., 2015) 
Chlorophyll content High Low (Stessman et al., 2002; 
Dhami et al., 2018) 
Carotenoid content High Low (Dhami et al., 2018) 
Nuclear DNA content 
(ploidy) 
Low High (Melaragno et al., 
1993; Cookson et al., 
2006) 
Chloroplast DNA copy 
number 
High Low (Rowan et al., 2009; 
Golczyk et al., 2014) 
In addition to the chloroplast development and carotenoid biosynthesis and 
degradation, leaves display distinctive developmental phase identities such as 
embryonic (cotyledons), juvenile, and adult phases and the leaves of each phase are 
unique in morphology as well as molecular signatures. All leaves retain their 
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ontogenetic attributes such as leaf morphology, trichomes, and cell types throughout 
their lifespan (Poethig, 1997; Kerstetter and Poethig, 1998; Poethig, 2013; Nguyen et 
al., 2017) and achieve the optimum level of carotenoids and chlorophylls 
corresponding to the functional stage of the respective leaves and ambient 
environmental conditions. Interestingly, suppression of SQUAMOSA PROMOTER 
BINDING PROTEIN LIKE 15 (SPL15) via overexpression of microRNA156b 
(miR156b); both affect leaf developmental phase transition, enhanced carotenoid 
content in the seeds of Arabidopsis (Wei et al., 2012) and Brassica napus (Wei et al., 
2010), which indicates a possible link between leaf vegetative phase identity and 
carotenoid metabolism. A group of SPL family transcription factors together with 
miR156 and miR172 control the juvenile to adult and vegetative to the reproductive 
phase transition, which is evident in Arabidopsis (Jung et al., 2011; Xu et al., 2016; 
Nguyen et al., 2017). Nguyen et al. (2017) demonstrated the high and low transcript 
abundance of miR156 and SPL15, respectively in juvenile leaves and vice versa in the 
adult leaves. The outstanding question is, does the developmental phase of leaves 
affect carotenogenesis in an age-dependent manner? Indeed, the functional changes in 
chloroplasts during leaf development and tissue- and plastid-specific accumulation of 
carotenoids unveils a challenge to decipher how carotenoid homeostasis can be fine-
tuned to leaf developmental transitions and environmental change.  
In leaves, chloroplasts produce retrograde signals that can be transported to the 
nucleus and control the expression of photosynthesis associated nuclear genes 
(PhANGs) and protein levels (Chan et al., 2016; de Souza et al., 2017). For example, 
tetrapyrrole pathway intermediates are the vital retrograde signals affecting nuclear 
gene expression, such as the norflurazon induced accumulation of Mg-protoporphyrin 
IX (Mg-ProtoIX) in chloroplasts represses the expression of PhANGs (Strand et al., 
2003; Moulin et al., 2008; Zhang et al., 2011), although there are controversies on 
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whether Mg-ProtoIX is a universal determinant of the plastid-to-nucleus signalling 
(Mochizuki et al., 2008). Heme and billin also demonstrated roles in regulating 
nuclear gene expression in Chlamydomonas reinhardtii (von Gromoff et al., 2008; 
Duanmu et al., 2013). Besides, chloroplast localised carotenoids themselves and/or 
their oxidative derivatives such as apocarotenoids involve in retrograde control of 
nuclear gene expression and leaf development (Ramel et al., 2012; Avendano-
Vazquez et al., 2014). The functional changes in leaves and chloroplasts during the 
developmental progression unveils a challenge to decipher the mechanisms that fine-
tune carotenogenesis orchestrating leaf developmental transitions and environmental 
change. 
1.8 Environmental impacts on carotenogenesis 
Carotenoids and carotenoid-derived apocarotenoids play crucial roles in 
environmental sensing and acclimation of plants. Carotenoids undergo enzymatic and 
non-enzymatic cleavage to synthesise apocarotenoids such as abscisic acid, 
strigolactones, β-ionone, β-cyclocitral, and dihydroactinidiolide (Ramel et al., 2012; 
Havaux, 2014), which facilitate environment signalling and control plant architecture. 
There are cross-talks between carotenoid and other metabolic pathways such as 
biosynthesis of sugars, terpenoids, flavonoids, and anthocyanins (Ghirardo et al., 
2014; Cao et al., 2015), which are primarily affected by both developmental and 
environmental conditions (Kliebenstein, 2004; Bundy et al., 2008). However, the 
mechanistic aspects of how short- and long-term environmental changes can affect 
carotenoid biosynthesis, storage, and degradation, and their interplay with 
developmental signals are unclear. The following sections highlight the current 
understanding of how different environmental conditions can affect carotenoid 
metabolism in photosynthetic tissues. The regulation of carotenogenesis in non-
photosynthetic tissues is not covered in depth here, which is elsewhere reviewed for  
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tomato fruits (Liu et al., 2015), carrot roots (Rodriguez-Concepcion and Stange, 
2013), rice endosperm (Bai et al., 2016), and maize kernels (O'Hare et al., 2015). 
1.8.1 Light 
The intensity and quality of light can influence molecular and biochemical 
networks including carotenogenesis in plants, and concomitantly affect plant 
development and phenology (Chen et al., 2004; Casal, 2013; Llorente et al., 2017; 
Solovchenko and Neverov, 2017). For example, dark-grown tissues, such as etiolated 
seedlings, of Arabidopsis mainly accumulate lutein and violaxanthin with the traces of 
β-carotene and neoxanthin; whereas light exposure enhances the accumulation of all 
foliar carotenoids. In photosynthetic tissues, variation in light intensity triggers 
enzymatic inter-conversion of zeaxanthin, antheraxanthin, and violaxanthin 
maintaining xanthophyll cycle with the peak accumulation of zeaxanthin during 
intense illumination and violaxanthin during low-light and/or shade conditions 
(Demmig-Adams and Adams, 1996; von Lintig et al., 1997; Gao et al., 2011). 
Photosynthetic tissues exhibit diurnal changes in carotenogenesis with the peak 
expression of the most carotenoid biosynthesis pathway genes at dawn, except for the 
peak accumulation of violaxanthin deepoxidase (VDE) transcripts in the dusk 
(Covington et al., 2008). Zeaxanthin accumulation increases under intense 
illumination and protects chloroplasts and photosystems from photooxidation 
(Davison et al., 2002; Triantaphylides et al., 2008; Kopsell et al., 2012). In Algae, the 
higher light intensity increased β-carotene content such as in Dunnaliella salina 
(Lamers et al., 2010). The light quality also affects carotenoid accumulation such as 
blue light increased carotenoid content in Brassica juncea, Brassica rapa, and Beta 
vulgaris (Brazaityte et al., 2015; Samuoliene et al., 2017). In contrast, ultraviolet-B 
light reduced β-carotene and zeaxanthin content in Agrostis stolonifera, which was 
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unchanged in Festuca arundinacea and Lolium perenne (Nangle et al., 2015). The 
intensity and quality of light impart strong effects on carotenogenesis. 
The light-dependent expression of PSY gene and functional integrity of PSY 
enzyme demonstrate the mechanistic insights on the light-mediated regulation of 
carotenoid biosynthesis. For instance, the expression of PSY and PSY activity 
increases with the concomitant increase in carotenoid accumulation during the 
photomorphogenesis of dark-grown seedlings (Welsch et al., 2000). Intriguingly, dark 
exposure downregulates the expression of carotenoid biosynthesis pathway genes, 
including PSY, which completely blocks carotenoid biosynthesis in leaves as observed 
in Capsicum annum L. (Simkin et al., 2003). The phytochrome-mediated signalling 
pathway controls the carotenoid biosynthesis, such as PHYTOCHROME 
INTERACTING FACTOR 1 (PIF1) directly binds to the promotor of PSY and repress 
its expression in the dark conditions; and light-triggered de-repression of PSY allows 
an immediate burst in carotenoid accumulation as observed during the deetiolation of 
the dark-grown seedlings (Toledo-Ortiz et al., 2010). The decrease in carotenoid 
content under shade or far-red light also suggests a mechanistic association of PIFs in 
regulating carotenogenesis (Bou-Torrent et al., 2015). In contrast, PSY expression is 
independent of PIFs in non-photosynthetic tissues such as roots (Ruiz-Sola et al., 
2014). Collectively, PSY demonstrates light-dependent regulation of carotenogenesis 
in a tissue-specific manner (Rodriguez-Villalon et al., 2009). 
Light availability influences the isomerisation of cis-carotenes. ZISO is an 
essential enzyme converting 9,15,9′-tri-cis-ζ-carotene to produce 9,9′-di-cis-ζ-
carotene in plants (Beltran et al., 2015). The ziso mutants of Arabidopsis and maize 
showed a delay in the greening of the dark-grown seedlings and accumulate 9,15,9′-
tri-cis-ζ-carotene; however, light exposure triggers photoisomerisation and restores 
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the standard carotenoid profile (Chen et al., 2010). Likewise, the dark-grown 
cotyledons of crtiso mutants dominantly accumulate 5,9,5′,9′-tera-cis-lycopene and 
7,9,9′-tri-cis-neurosporene with the traces of the other cis-carotenes, up in the 
pathway, resulting in the developmental defects in PLBs (Park et al., 2002). The 
photoisomerisation compensates CRTISO function, such as in crtiso mutants, and 
converts tetra-cis-lycopene into all-trans-lycopene restoring the average carotenoid 
profile and plastid development (Park et al., 2002; Isaacson et al., 2004). The 
photoisomerisation of cis-carotenes and concomitant restoration of plastid 
development reinforces the light-dependent regulation of carotenogenesis in plants. 
Besides, the accumulation of soluble sugars, which is strictly controlled by the 
availability of light, downregulates the carotenoid biosynthesis in leaves (Fanciullino 
et al., 2014; Cao et al., 2015). While there is a good understanding of how light can 
affect carotenogenesis in different tissues, the mechanism by which light intensity and 
quality affect carotenoid metabolism during leaf development remains unclear. 
1.8.2 Carbon dioxide  
Atmospheric carbon dioxide (CO2) is the primary substrate for carbon 
assimilation leading to the production of sugars in photosynthesising organisms. 
Increase in atmospheric CO2 concentration enhances photosynthesis, sugar 
biosynthesis, and biomass accumulation in plants, when adequate mineral nutrients 
are available (Ellsworth et al., 2004; Li et al., 2013; Florian et al., 2014; Watanabe et 
al., 2014; Misra and Chen, 2015; Noguchi et al., 2015; Xu et al., 2015; Hager et al., 
2016). The leaves from the plants exposed to elevated CO2 levels produce a higher 
number of large-sized chloroplasts; thereby, enhancing the production of chloroplast 
associated secondary metabolism (Griffin et al., 2001; Teng et al., 2006; Li et al., 
2013). The functional impacts of elevated atmospheric CO2 concentration can vary 
(Figure 1.2) mostly in species- or ecotype-specific manner, which is interlinked with 
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other ecological factors (Li et al., 2008; Song et al., 2009; Marty and BassiriRad, 
2014). 
 
Figure 1.2 Schematic summary of the phenotypic, physiological and biochemical alterations 
in plants exposed to the elevated atmospheric CO2. 
Elevated atmospheric CO2 has shown a substantial decrease in stomatal density and 
conductance, transpiration, and photorespiration that alters overall plant metabolism and 
performance (Teng et al., 2006). Elevated CO2 affects photosynthesis, which drives increased 
glycolysis and MEP pathway, subsequently enhancing chlorophylls, carotenoids and 
subsequently affecting phytohormone biosynthesis (Xu et al., 2015). There is a species-
specific increase or decrease in production and accumulation of secondary metabolites 
including isoprenoid volatiles, terpenoids, carotenoids, flavonoids and anthocyanins (Prins et 
al., 2011; Misra and Chen, 2015; Niinemets and Sun, 2015). Alterations in physiological and 
developmental processes result in net increased flux to a carbon sink (Teng et al., 2006; 
Florian et al., 2014). The metabolic sinks for additional carbon assimilation remain poorly 
studied. 
Elevated atmospheric CO2 has shown noticeable; yet variable, effects on the 
level of photosynthetic pigments, both carotenoids and chlorophylls, in several plants. 
In photosynthetic tissues, the level of carotenoids and chlorophylls may be increased, 
decreased, or remain unchanged in response to elevated atmospheric CO2 
concentration (Table 2.1). The differential impacts of elevated CO2 concentration on 
the level of carotenoids and chlorophylls are mostly species-specific. The decrease in 
carotenoid content under elevated CO2 has reported in soybean (Glycine max) 
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(Pritchard et al., 2000; Mishra et al., 2008; Wang et al., 2015), maize (Zea mays) 
(Miliauskienė et al., 2016), winter rape (Brassica napus) (Miliauskienė et al., 2016), 
lettuce (Lactuca sativa) (Pérez-López et al., 2015; Pérez-López et al., 2015), poplars 
(Populs spp.) (Wustman et al., 2001; Way et al., 2013), and pines (Houpis et al., 
1988; Wang et al., 2003). In contrast, tomato fruits (Dannehl et al., 2012; Zhang et al., 
2014) and leaves of Gyanura bicolor (Wang et al., 2016) and Catharanthus roseus 
(Singh and Agrawal, 2015) grown under elevated CO2 conditions showed an increase 
in carotenoid content. Other plants such as Arabidopsis (Kooij et al., 1999; Bae and 
Sicher, 2004), beetroot (Beta vulgaris) (Kumari et al., 2013), and maize (Zea mays) 
(Wijewardana et al., 2016) which were grown under elevated CO2 conditions showed 
no change in carotenoid content. Likewise, several algae species displayed contrasting 
effects of elevated CO2 concentration on the carotenoid content such as an increase in 
Pyropia haitanensis (Chen et al., 2015), decreases in Bryopsis plumose (Yildiz and 
Dere, 2015) and no change in Ulva lactuca (Liu and Zou, 2015). Interestingly, 
recently emerged young leaves of Arabidopsis exhibited increased carotenoid content 
in response to elevated atmospheric CO2 concentration, while that in older leaves 
remained unchanged; thereby, demonstrating a leaf-age dependent interaction of CO2 
and carotenoid accumulation (Dhami et al., 2018). 
Like carotenoids, majority of CO2 enrichment studies revealed a decrease in 
chlorophyll content (Table 2.1) in different plants such as soybean (Pritchard et al., 
2000; Wang et al., 2015), maize (Miliauskienė et al., 2016; Wijewardana et al., 2016), 
and poplars (Wustman et al., 2001; Way et al., 2013). In contrast, an increase in total 
chlorophyll content was reported in Arabidopsis (Takatani et al., 2014), Gyanura 
bicolor (Wang et al., 2016), Catharanthus roseus (Singh and Agrawal, 2015),  and 
Chlorella vulgaris (Chinnasamy et al., 2009). Moreover, some reports demonstrate a 
null effect of elevated CO2 on chlorophyll content such as in soybean (Li et al., 2013) 
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and poplar (Tissue and Lewis, 2010). There are also contrasting effects of elevated 
CO2 on pigment accumulations in Arabidopsis leaves, with reports of increased 
(Takatani et al., 2014), decreased (Li et al., 2006; Li et al., 2008), and no change 
(Cheng et al., 1998; Kooij et al., 1999; Bae and Sicher, 2004) in response to higher 
CO2 concentration (Table 2.1). The variation in the photosynthetic pigment content in 
photosynthetic tissues in response to elevated CO2 demonstrates the stochastic effects 
of elevated CO2 concentration plausibly interacting with other environmental 
conditions, differences in tissues analysed, and/or variable efficacies in CO2 
treatments. A systematic assessment of photosynthetic pigment content in the leaves 
of different plants at different developmental stages and in response to elevated CO2 is 
desirable to overcome prevailing ambiguities on the impacts of elevated atmospheric 
CO2  concentration on the levels of chlorophylls and carotenoids. 
1.8.3 Temperature 
The fluctuation in air temperature is one major environmental factor influencing 
molecular and biochemical phenomena in plants  (Delker et al., 2014; Johansson et 
al., 2014; Liu et al., 2015; Quint et al., 2016). In leaves, exposure to higher 
temperature alters the level of xanthophyll cycle pigments, which enhances heat 
tolerance by neutralizing heat-induced oxidative stress as seen in Zea mays 
(Lawanson et al., 1978), Solanum tuberosum (Havaux et al., 1996), Arabidopsis 
thaliana (Davison et al., 2002), Oryza sativa (Yin et al., 2010), Quercus pubescens 
(Haldimann et al., 2008), Buxus sempervirens (Hormaetxe et al., 2007), 
Rhododendron ferrugineum, Senecio incanus and Ranunculus glacialis (Buchner et 
al., 2015). Heat stress causes swelling of chloroplasts and concomitantly inhibits 
photosynthesis, and trigger plastoglobule formation, which are the sites of carotenoid 
degradation (Zhang et al., 2010). The extreme heat exposure triggers de-epoxidation 
of violaxanthin; consequently increasing the level of zeaxanthin in leaves 
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(Milanowska and Gruszecki, 2005). An increase in zeaxanthin content favours 
thermal energy dissipation during heat stress; which is regarded as the acclimation 
strategy used by plants to neutralise heat-induced oxidative stress.  
Zeaxanthin accumulation enhances the rigidity of thylakoid membranes and 
maintains the functional integrity of the photosynthetic apparatus during heat stress 
(Latowski et al., 2002; Strzałka et al., 2003; Havaux et al., 2007). Exposure to a 
temperature beyond the range of 12-32 oC decreased lycopene and other carotenoids 
in tomato fruits (Dumas et al., 2003; Hernandez et al., 2015) and 35 °C 
downregulated carotenoid biosynthesis in the seed aril of bitter melon (Tran and 
Raymundo, 1999). Of the three phytoene synthases reported in maize, PSY1 is 
required to maintain the carotenogenesis during thermal stress indicating a tissue-
specific role of PSY paralogs in response to the different temperature regimes (Li et 
al., 2008). In Arabidopsis seeds, elevated temperature activates carotenoid 
degradation pathways leading to abscisic acid biosynthesis and simultaneous 
repression of gibberellic acid biosynthesis; thereby, inhibiting seed germination (Toh 
et al., 2008). An elevated temperature could impose tissue-specific effects on 
carotenogenesis; however, increase in zeaxanthin accumulation can potentially 
alleviate high temperature-induced oxidative stress in photosynthesising leaves 
(Havaux et al., 2007). 
Low temperature also induces a wide array of cold acclimatory responses at the 
molecular and biochemical level, which alter developmental programming in plants 
(Seo et al., 2009; Janska et al., 2010; Knight and Knight, 2012). Prolonged exposure 
to a severe cold such as 4-10 oC reduces photosynthesis and delays the growth and 
development in plants (Allen and Ort, 2001; Savitch et al., 2001; Paredes and Quiles, 
2015). The most striking biochemical effect of cold was an increase in sucrose and 
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abscisic acid content both facilitate cold stress acclimation of plants (Nagele et al., 
2012; Bakht et al., 2013; Ruan, 2014). An increase in soluble sugars content can cause 
negative feedback on the carotenoid pool in leaves. For example, exogenous 
application of glucose can downregulate the MEP pathway; subsequently decreasing 
the level of both carotenoids and chlorophylls in spinach (Krapp et al., 1991) and 
tomato (Mortain-Bertrand et al., 2008) leaves. Also, as evident in Arabidopsis, the 
higher level of soluble sugar content including glucose in old leaves corresponds with 
the reduced level of carotenoid and chlorophylls (Stessman et al., 2002) indicating 
negative feedback of glucose to carotenoid pool in leaves. 
Cold exposure activates cold-responsive gene cascades to increase the 
accumulation of antioxidants, including carotenoids in plants (Fowler and 
Thomashow, 2002; Sinha et al., 2015). It is interesting to note that cold exposure 
increased lutein and neoxanthin content, simultaneously decreasing β-carotene 
content in maize (Haldimann, 1997; Haldimann, 1998) and Arabidopsis (Harvaux and 
Kloppstech, 2001). Besides, the overexpression of LCYE substantially increased foliar 
lutein content ameliorating the chilling-induced sensitivity of photosynthesis in 
Arabidopsis (Song et al., 2016). The temperature fluctuations can alter carotenoid 
content, and there is a potential role for carotenoids in facilitating heat and cold stress 
acclimation responses. However, the function that foliar carotenoids play in short-
term and prolong stressing temperature regimes remain open for discovery. 
1.8.4 Soil nutrient and water availability 
Soil nutrients, particularly nitrogen and phosphorus, play a crucial role in 
carbon assimilation and subsequent carbon flow through the primary and secondary 
metabolic pathways including carotenoid biosynthesis in plants (Stitt and Krapp, 
1999; Jin et al., 2015). Application of additional nitrogen supplements can increase 
lutein and β-carotene accumulation in vegetable crops as revealed in carrots 
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(Boskovic-Rakocevic et al., 2012), spinach (Lefsrud et al., 2007; Reif et al., 2012), 
and various Brassica species (Kopsell et al., 2007; Reif et al., 2013). In contrast to the 
higher plants, nitrogen starvation increased β-carotene accumulation in microalga 
Dunaliella salina (Marin et al., 1998; Lamers et al., 2010; Lamers et al., 2012). 
Likewise, a nitrogen-depleted condition increased the carotenoid (neurosporaxanthin) 
accumulation in fungi Fusarium fujikuroi (Garbayo et al., 2003; Rodriguez-Ortiz et 
al., 2009). However, both high and low C/N ratio negatively affect carotenoid 
accumulation in the red yeast Rhodotorula glutini (Braunwald et al., 2013) and green 
algae Chlorella vulgaris (Zhang et al., 2017).  
In contrary to the nitrogen, the phosphorus starvation decreased the total 
carotenoid content in the microalga Tetraselmis marina (Dahmen-Ben Moussa et al., 
2017). In higher plants, the phosphorus limitation enhances the degradation of 
carotenoids (specifically β-carotene) and produces strigolactones that stimulate 
adventitious root formation and mycorrhizae colonisation in the rhizosphere to meet 
plant phosphate requirement (Al-Babili and Bouwmeester, 2015; Lopez-Raez et al., 
2015). Nitrogen and phosphorus limitation retards the overall plant growth 
concomitantly altering carotenoid accumulation strategies, yet, regulatory effects of 
nitrogen and phosphorus on carotenoid biosynthesis, degradation, and accumulation 
are poorly studied.  
The different soil types and soil supplements are also known affecting 
carotenoid accumulation such as supplementation of coffee grounds to the soil 
increased lutein and β-carotene by 90 % and 72 % in lettuce (Cruz et al., 2012). An 
intriguing question is why algae and plants would adopt different strategies in 
carotenoid accumulation in response to nutrient availability. A deeper understanding 
of how soil nutrient profile can affect carotenoid metabolism is required to improve 
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the conventional cropping practices to enrich health-promoting carotenoids in the 
food and vegetable crops, mainly referring to future environmental changes. 
Likewise, limitation in soil water causes noticeable impacts on the plant 
physiology and architecture including changes in secondary metabolite accumulation 
such as isoprenoids, anthocyanins, and flavonoids (Chalker-Scott, 1999; Ramakrishna 
and Ravishankar, 2011; Sanchez-Rodriguez et al., 2011). Carotenoids play vital roles 
in drought stress signalling, and acclimation in plants such as carotenoid-derived 
phytohormone abscisic acid induces stomatal closure inhibiting transpiration 
whenever plants experience drought and salinity signals (Golldack et al., 2014; Dong 
et al., 2015).  
In Arabidopsis, drought stress increases the production of zeaxanthin epoxidase 
(ZEP) in roots with a concomitant decrease in leaves yet maintains a higher level of 
abscisic acid in both tissues (Schwarz et al., 2015). Interestingly, high salt 
concentration upregulates PSY expression in Arabidopsis roots to ensure a proper 
supply of carotenoid precursors for abscisic acid biosynthesis, which enhances salt 
stress tolerance (Ruiz-Sola et al., 2014). Besides, strigolactones are known to control 
stomatal closure in an abscisic acid independent manner (Lopez-Raez et al., 2010; Lv 
et al., 2018), which has confirmed by the hypersensitivity of ccd mutants to drought 
(Ha et al., 2014). The down-regulation of LCYE channelises precursors towards β-
carotenoids, subsequently enhancing apocarotenoid production leading to improved 
drought and salinity tolerance as observed in Nicotiana tabacum (Shi et al., 2015). 
Both carotenoids and carotenoid-derived apocarotenoids are involved in stress 
signalling and drought acclimation in plants; however, the regulatory mechanism that 
ensures tissue-specific production of carotenoids and apocarotenoids to ameliorate the 
effects of drought stress remain open to discovery. 
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1.9 Knowledge gaps in carotenogenesis in leaves 
In both photosynthetic and non-photosynthetic tissues, carotenoid metabolism 
requires stringent regulation in biosynthesis, degradation, and accumulation to 
accommodate intrinsic developmental and short- and long-term environmental 
changes, which has been thoroughly discussed in reviews (Cazzonelli and Pogson, 
2010; Ruiz-Sola and Rodriguez-Concepcion, 2012; Nisar et al., 2015; Yuan et al., 
2015; Solovchenko and Neverov, 2017; Sun et al., 2018). Several anthropogenic and 
natural activities increase the level of atmospheric carbon dioxide concentration 
leading to the unavoidable perhaps unprecedented ecological consequences including 
the catastrophic global warming (Reichstein et al., 2013; Frank et al., 2015; Xu and 
Ramanathan, 2017). The increased concentration of atmospheric CO2 and subsequent 
rise in the global temperature affect plant physiology, primary productivity as well as 
ecosystem functions. The regulation of carotenogenesis in leaves, particularly in 
response to the fluctuations in CO2 and temperature regimes, remain poorly 
understood. The following sections highlight the gaps in understanding 
carotenogenesis in leaves during developmental changes and in response to the 
changing environmental conditions, specifically atmospheric carbon dioxide and 
temperature. 
i) Previous studies have revealed varying effects of CO2 enrichment on the level 
of both carotenoid and chlorophyll content in the leaves of different plants, 
including Arabidopsis (Table 2.1). Surprisingly, most of the CO2 enrichment 
studies have ignored describing the level of individual carotenoids. The 
strategies plants adapt to maintain carotenoid homeostasis during leaf 
development; and how plants synchronise endogenous developmental cues, and 
the level of atmospheric CO2 concentration remains unclear. Also, the CO2 
enrichment studies have entirely ignored the maturity (age) and developmental 
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phase of the leaves that were chosen to measure pigments and photosynthetic 
efficiency in response to the varying levels of atmospheric CO2. The 
compounding factors could be responsible for the apparent variability in the 
level of photosynthetic pigments in response to elevated CO2 (Table 2.1). 
Whether carotenogenesis in young and old leaves or the leaves of different 
developmental phases (juvenile and adult phase) respond similarly to elevated 
CO2 requires further exploration. Chapter 2 of this thesis demonstrates the 
impacts of elevated CO2 on foliar carotenoid content inculcating the prevalent 
ambiguity.  
ii) Both warming and cooling beyond the optimum temperature range reduce the 
rate of photosynthesis (Paredes and Quiles, 2015; Drake et al., 2018), which 
decreases the metabolite precursor pool and subsequently can affect the level of 
photosynthetic pigments. In leaves, the level of zeaxanthin content substantially 
increased under higher temperature conditions; therefore, neutralises the heat-
induced oxidative stress (Davison et al., 2002). The intercalation of violaxanthin 
and zeaxanthin in lipid membranes decreases the membrane fluidity that makes 
membranes less-permeable for ROS, eventually contributing anti-oxidative 
capacity (Subczynski et al., 1991; Kupisz et al., 2008). Also, an increase in 
zeaxanthin content rigidifies the thylakoid membranes; thereby, increases 
thermostability against stressful light and temperature conditions (Tardy and 
Havaux, 1997; Grudzinski et al., 2017).  Zeaxanthin is, thus, crucial to 
maintaining functional homeostasis of the photosynthetic apparatus under high-
temperature stress (Latowski et al. 2002; Strzałka et al. 2003; Havaux et al. 
2007). The de-epoxidation of violaxanthin is the major event leading to a 
concomitant increase in zeaxanthin; however, the fate of other carotenoids and 
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carotenogenesis in response high-temperature stress remain unclear in the 
previous studies.  
On the other hand, the non-freezing cold also reduces the rate of 
photosynthesis (Paredes and Quiles, 2015), but increases sucrose and abscisic 
acid content to acclimate plants to the cold stress (Nagele et al., 2012; Bakht et 
al., 2013; Ruan, 2014). Both sucrose and abscisic negatively impact the 
carotenoid biosynthesis. While the impacts of high and low temperature on 
photosynthetic traits have been substantially explored in many plants; how 
carotenogenesis coordinates leaf development during short- and long-term 
exposure to high and low temperature is unclear. An outstanding concern is 
whether the recently emerged young leaves and mature (old) leaves respond 
similarly to increase or decrease in temperature. Chapters 3 and 4 demonstrate 
how the basal warming, stressing high temperature, and non-freezing cold can 
affect the level of photosynthetic pigments in recently emerged young leaves 
compared to the old leaves. 
iii) In leaves, the level of photosynthetic pigments can be stable at steady state, 
which matches the state of photosynthetic efficiency (Biswal, 1995). However, 
the state of chloroplast development and function determines the cellular 
pigment homeostasis in leaves. The multitude of functional changes can occur 
at a cellular, subcellular, physiological, and morphological level during leaf 
development as they progress from a leaf primordium to fully functional to 
senescence; eventually, affecting the foliar pigment profile. For example, the 
disintegration of chloroplasts and enzymatic degradation of carotenoids is 
evident in many plants during senescence, including Arabidopsis (Nath et al., 
2013; Rottet et al., 2016). In leaves, the critical developmental characteristics 
that retain throughout the lifespan are ontogenetic attributes such as juvenile and 
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adult phase identities (Kerstetter and Poethig, 1998; Poethig, 2013). The unique 
leaf morphology, abaxial trichomes, and cell types are the typical leaf phase 
identities (Poethig, 1997; Nguyen et al., 2017). Another developmental scenario 
in leaves is that the recently emerged leaves comprise a high density of small 
and rapidly dividing cells with smaller chloroplasts having poorly developed 
thylakoid network compared to the enlarged cells accommodating larger 
chloroplasts having a fully developed thylakoid network in mature leaves 
(Gonzalez et al., 2012; Gugel and Soll, 2017). While carotenoids are 
continuously synthesised and degraded within chloroplasts (Beisel et al., 2010), 
leaves maintain a functional-state of carotenoid profile facilitating 
photosynthesis and photoprotection. However, it is intriguing that the level of 
foliar carotenoids was substantially higher in the recently emerged young leaves 
compared to old leaves in Arabidopsis (Stessman et al., 2002)  and Brassica 
napus (Ghosh et al., 2001). Regardless of the deep understanding of 
carotenogenesis in both photosynthetic and nonphotosynthetic tissues, an 
outstanding question here is, how carotenogenesis orchestrates developmental 
changes in leaves concomitantly accommodating the instantaneous 
environmental fluctuations. Also, accumulation of cis-carotene intermediates 
affects plastid development and photomorphogenesis as revealed in zds/clb5 and 
crtiso leaves (Park et al., 2002; Avendano-Vazquez et al., 2014), which 
indicates a strict regulation of carotenogenesis during leaf development. As 
mentioned earlier, young and old leaves are drastically different in size and 
ultrastructure of chloroplasts, which is directly associated with the plastidial 
metabolism, including carotenogenesis. It is not clear whether the ontogenic 
identities of leaves govern the functional specificity of chloroplasts; therefore, 
the carotenoid content. Likewise, as described above, the substantially higher 
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carotenoid content in recently emerged leaves can be the function of higher cell 
and chloroplast density in contrast to the low density of larger cells and 
chloroplasts in the old leaves. The Chapter 5 dissects developmental, molecular, 
and environmental scenarios revealing the age-dependent control of foliar 
carotenoid pool. 
1.10 Aim of the study 
The overarching aim of this study was to decipher how the environmental 
changes in atmospheric CO2 concentration and temperature impact foliar carotenoid 
content in the leaves of different age and developmental phase by utilising mutants 
and chemicals that affect the biosynthesis, storage, and degradation of carotenoids. 
The goal was to determine if young leaves undergoing rapid cell and plastid division 
were more amenable to environmental perturbations compared to the physiologically 
mature older leaves that restrict cell expansion and plastid replication. The key 
questions addressed in this project are as follows. 
i) What are the impacts of elevated CO2 on carotenoid content in Arabidopsis leaves? 
ii)  What are the impacts of basal warming and an extreme heatwave on carotenoid 
content in Eucalyptus leaves? 
iii) What effect does a short and prolonged cold treatment have on carotenoid content 
in Arabidopsis leaves? 
iv) How is carotenoid homeostasis maintained during foliar development, from a 
recently emerged and young leaf primordia through to an old and fully expanded 
mature leaf? 
v) Which leaf types are the most responsive to environmental alterations, and what 
are the signalling metabolites and processes? 
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1.11 Hypotheses 
This thesis encompasses the facts demonstrating how carotenoid metabolism 
cross-talks with the leaf-development, and what are the intracellular signalling 
processes that link physiological acclimation to elevated carbon dioxide, prolong 
warming, high-temperature stress, and severe, but non-freezing, cold treatments. 
Figure 1.3 illustrates the critical assumptions undertaken to conduct this study. 
 
Figure 1.3 A conceptual outline of the possible scenarios by which CO2, temperature, and 
leaf-age can influence carotenogenesis in Arabidopsis leaves. 
The solid arrows and round-headed lines represent the positive and negative effects, 
respectively, of the respective conditions in the respective scenario. The dashed arrows 
represent hypothesised steps.  
Following sections describe the assumptions illustrated in Figure 1.3.  
i) Increase in atmospheric CO2 enhances carbon assimilation and primary metabolite 
pool, including sugars and amino acid, in plants when the level of mineral nutrients 
is adequate (Florian et al., 2014; Watanabe et al., 2014; Noguchi et al., 2015). CO2 
enrichment increases the number and size of chloroplasts (Griffin et al., 2001; 
Wang et al., 2004; Teng et al., 2006); therefore, enhance sink area for carotenoid 
accumulation. The reduced level of isoprene emission in response to elevated CO2 
(Rosenstiel et al., 2003) could also favour more isoprenoid precursor availability 
for the carotenoid biosynthesis. Here, I hypothesise that elevated CO2 would 
enhance precursor flux through the carotenoid biosynthetic pathway and/or 
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carotenoid storage capacity, consequently enhancing the foliar carotenoid pool 
(Figure 1.3 A). 
ii)  Heat stress affects the chloroplast physiology, particularly inhibit photosynthesis 
(Drake et al., 2018) and reduce chlorophyll content (Haldimann et al., 2008). The 
higher temperature downregulates biosynthesis and/or accumulation of carotenoids 
as evident in tomato fruits (Dumas et al., 2003; Hernandez et al., 2015) and bitter 
melon (Tran and Raymundo, 1999). However, an increase in the level of 
xanthophylls, particularly zeaxanthin, is essential to enhance heat tolerance by 
neutralising the heat-induced oxidative stress (Davison et al., 2002). Also, heat 
stress triggers plastoglobule formation, which are the sites of carotenoid 
degradation (Zhang et al., 2010). The high temperature-induced alteration in leaf 
physiology and heat-stress tolerance is deeply explored in mature leaves from trees 
and grasses. However, as the level of carotenoids varies in young and old leaves, 
how the long-term warming and sudden exposure to high-temperature stress can 
affect carotenogenesis in the leaves of different maturity level, young vs old, is 
unclear. I hypothesise that elevated temperature would enhance the zeaxanthin 
pool triggering de-epoxidation of violaxanthin regardless of the leaf-age to cope 
high-temperature stress (Figure 1.3 B). 
iii) Cold stress reduces photosynthesis (Allen and Ort, 2001; Paredes and Quiles, 
2015). However, as an acclimatory process, increase in sugar accumulation in 
response to the non-freezing cold exposure (Nagele et al., 2012; Bakht et al., 2013; 
Ruan, 2014) can downregulate the carotenoid biosynthesis in leaves (Fanciullino et 
al., 2014; Cao et al., 2015). I hypothesise that both young and old leaves would 
decrease carotenoid content in response to the cold exposure, subsequently 
affecting apocarotenoid production in the downstream (Figure 1.3 C). 
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iv) The cells, as well as chloroplasts, undergo a series of developmental and 
functional changes during leaf maturation. The fully expanded cells in mature 
leaves comprise large-sized and fully differentiated chloroplasts; whereas the 
chloroplasts of young leaves are smaller with poorly developed thylakoids as 
observed in Arabidopsis (Gugel and Soll, 2017). The structural and functional 
changes in chloroplasts during leaf expansion potentially modulate the chloroplast 
associated metabolic activities, including carotenogenesis. For example, the rate of 
photosynthesis and level of photosynthetic pigments both were higher in the 
recently emerged leaves than mature leaves of Arabidopsis (Stessman et al., 2002). 
Alternatively, overexpression of miR156 that suppress SPL15 enhanced carotenoid 
content in the seeds of Arabidopsis (Wei et al., 2012) and Brassica napus (Wei et 
al., 2010). Both SPL15 and miR156 control the developmental phase identities in 
Arabidopsis leaves (Jung et al., 2011; Xu et al., 2016; Nguyen et al., 2017). 
Therefore, the leaf vegetative phase regulators can affect carotenoid biosynthesis 
and/or degradation in leaves. I hypothesise that the high cell density and actively 
dividing chloroplasts in young leaves can enhance carotenogenesis and 
accumulate a substantially high level of carotenoids. I also hypothesise that young 
leaves are highly amenable to environmental change due to higher plasticity for 
cell and plastid development to be altered by intracellular signals. Lastly, I 
hypothesise that older leaves undergone cell expansion and having mature 
chloroplasts are more resilient to show changes in carotenogenesis in response to 
environmental perturbations (Figure 1.3 D). 
1.12 Objectives  
This study was aimed to explore the effects of different CO2 and temperature 
regimes on foliar carotenoids and the mechanisms controlling carotenogenesis during 
leaf maturation in Arabidopsis. The main objectives of the project are as follows. 
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1.12.1 Impact of elevated CO2 on the growth performance and foliar carotenoid 
pool in Arabidopsis 
i) Determine the plant growth traits in response to ambient and elevated CO2. 
ii) Determine the carotenoid and chlorophyll content in the young and old leaves of 
juvenile and adult phase in response to ambient and elevated CO2. 
iii) Determine the interactive effects of elevated CO2 and leaf age in carotenoid 
content. 
1.12.2 Impact of elevated temperature on the foliar carotenoid pool in Eucalyptus 
leaves 
i) Determine the effects of basal warming and experimental heatwave on the 
carotenoid profile of the young and old leaves.  
ii) Determine the interactive effects of heatwave and leaf-age on carotenoid and 
chlorophyll accumulation. 
1.12.3 Impact of cold exposure on carotenogenesis during leaf development in 
Arabidopsis 
i) Determine the carotenoid content in young and old leaves exposed to short cold 
exposure. 
ii) Determine the impact of long-term cold treatment on the carotenoid content in 
young and old.  
1.12.4 Regulation of carotenogenesis during the Arabidopsis leaf maturation 
iii) Explore the transcriptome databases to determine the expression profile of the 
genes involved in vegetative phase regulatory, carotenoid biosynthetic, and 
carotenoid degradation pathways. 
iv) Determine the expression profile of the genes involved in vegetative phase 
regulatory, carotenoid biosynthetic, and carotenoid degradation pathways. 
v) Determine the carotenoid and chlorophyll content in young and old leaves of 
vegetative phase regulatory, carotenoid biosynthetic, and carotenoid degradation 
pathway mutants and overexpression lines. 
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vi) Determine the effect of norflurazon on the accumulation of phytoene and 
downstream carotenoids and chlorophylls in young and old leaves of carotenoid 
biosynthesis and degradation pathway mutants. 
vii) Determine the effect of norflurazon on the accumulation of phytoene, 
downstream carotenoids, and chlorophylls in young and old leaves in response to 
the short-term dark, cold, and warm conditions. 
1.13 Research design 
A 2x2 factorial balanced design was adopted to conduct the experiments unless 
indicated otherwise. The two levels of environmental treatments (ambient vs high or 
low) were applied, and impacts of treatments on the level of foliar carotenoids and 
chlorophylls were measured in two types of leaves (young vs old) within and across a 
wide range of genotypes. The experiment specific details are described in the 
respective chapters. 
………. ………. 
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Leaf-age dependent response of carotenoid accumulation to 
elevated CO2 in Arabidopsis 
Except for a few minor changes, the content of this chapter is as appeared in 
Dhami, N., Tissue, D., T., Cazzonelli, C. I. (2018). Leaf-age dependent response of 
carotenoid accumulation to elevated CO2 in Arabidopsis. Archives of Biochemistry 
and Biophysics 647: 67-75. 
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Abstract 
Carotenoids contribute to photosynthesis, photoprotection, phytohormone and 
apocarotenoid biosynthesis in plants. Carotenoid-derived metabolites control plant 
growth, development and signalling processes and their accumulation can depend 
upon changes in the environment. Elevated carbon dioxide (eCO2) often enhances 
carbon assimilation, growth patterns and overall plant biomass, and may increase 
carotenoid accumulation due to higher levels of precursors from isoprenoid 
biosynthesis. Variable effects of eCO2 on the carotenoid accumulation in leaves have 
been observed for different plant species. Here, I determined whether the variable 
response of carotenoids to eCO2 was potentially a function of leaf age and the impact 
of eCO2 on leaf development by growing Arabidopsis in ambient CO2 (400 ppm) and 
eCO2 (800 ppm). eCO2 increased plant leaf number, rosette area, biomass, seed yield 
and net photosynthesis. Besides, eCO2 increased carotenoid content by 10-20 % in 
younger emerging leaves, but not in older mature leaves. Older leaves contained 
approximately 60 % less total carotenoids compared to younger leaves. The age-
dependent effect on carotenoid content was observed for cotyledon, juvenile and adult 
phase leaves. I conclude that younger leaves utilise additional carbon from enhanced 
photosynthesis in eCO2 to increase carotenoid content, yet older leaves have less 
capacity to store additional carbon.  
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2.1 Introduction 
Carotenoids contribute to photosynthesis and photoprotection in plants. They 
are the key metabolites maintaining functional stability of the photosynthetic 
apparatus during fluctuations in light intensity and the quality of light spectrum 
(Davison et al., 2002; Santabarbara et al., 2013; Kusama et al., 2015). Carotenoids 
also provide metabolic precursors for the biosynthesis of phytohormones such as 
abscisic acid (Nambara and Marion-Poll, 2005) and strigolactones (Ruyter-Spira et 
al., 2013), as well as apocarotenoid signalling metabolites such as β-cyclocitral 
(Ramel et al., 2012) and dihydroactinidiolide (Shumbe et al., 2014). These signalling 
molecules regulate physiological processes, plant growth, development and 
reproduction, contributing to plant acclimation processes (Cazzonelli, 2011; Nisar et 
al., 2015; Hou et al., 2016). As such carotenoid biosynthesis, degradation, and storage 
are concomitantly modulated to suit prevailing environmental conditions in a tissue-
specific manner. 
Photosynthetic pigments capture solar energy to facilitate carbon fixation during 
photosynthesis in plants. In higher plants, chlorophyll a and b and carotenoids are 
universal components in the light-harvesting complexes (Grudzinski et al., 2001; 
Liguori et al., 2015; Qin et al., 2015; Mazor et al., 2017). In chloroplasts, chlorophylls 
absorb photons in the blue (ca. 400-500 nm) and red (ca. 620-680 nm) regions, 
whereas carotenoids absorb photons from the blue (ca. 450-500 nm) regions and 
subsequently transfer energy to chlorophylls, thereby facilitating photosynthesis 
(Croce et al., 2001; Scott, 2001). Carotenoids are accessory photosynthetic pigments 
and partially contribute to light-harvesting, thereby facilitating sustainable 
photosynthesis in the chloroplasts. In plants, an optimum level of carotenoids is 
required to sustain growth and development under ambient environmental conditions 
(Cazzonelli and Pogson, 2010; Nisar et al., 2015; Yuan et al., 2015). In photosynthetic 
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tissues, carotenoid biosynthesis occurs in chloroplasts where lutein, β-carotene, 
violaxanthin, and neoxanthin accumulate as the four major carotenoid components of 
the light-harvesting complexes (Grudzinski et al., 2001; Liguori et al., 2015; Qin et 
al., 2015; Mazor et al., 2017). These carotenoids maintain the functional stability of 
the photosynthetic apparatus and the chlorophyll to carotenoid ratio must be tightly 
maintained (Santabarbara et al., 2013; Kusama et al., 2015). 
Photosynthetic efficiency and rate of carbon dioxide assimilation need to be 
maintained in plants (Ritz et al., 2000; Wang et al., 2015; Jin et al., 2016). 
Carotenogenesis can be altered within leaves to suit prevailing environmental and 
developmental changes, while also maintaining the production of carotenoid-derived 
signalling metabolites that maintain cellular homeostasis. In most instances, overall 
carotenoid content in leaves is viewed as being rather stable with constant and rapid 
rates of biosynthesis and degradation (Beisel et al., 2010; Beisel et al., 2011). The 
availability of isoprenoid precursors produced via the 2-C-methyl-D-erythritol 4-
phosphate (MEP) pathway can affect carotenoid biosynthesis in both tomato and 
carrot (Lois et al., 2000; Rodriguez-Concepcion et al., 2001; Simpson et al., 2016). 
An increase in MEP pathway precursors particularly isopentenyl pyrophosphate (IPP) 
and its isomer dimethylallyl pyrophosphate (DMAPP) through the overexpression of 
1-deoxy-D-xylulose-5-phosphate synthase (DXS) also enhanced lycopene production 
in Corynebacterium glutamicum (Heider et al., 2014). Also, the functional interaction 
of geranylgeranyl diphosphate synthase 11 (GGPPS11) and phytoene synthase (PSY) 
was shown to control phytoene biosynthesis (Ruiz-Sola et al., 2016). Interestingly, the 
overexpression of PSY increased carotenoid accumulation in Arabidopsis roots by 
100-fold, whereas carotenoid levels remain unchanged in photosynthetic tissues 
(Maass et al., 2009; Alvarez et al., 2016). Collectively, these studies exemplify how a 
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greater availability of isoprenoid precursors and efficient utilisation of the precursor 
substrate pool can affect carotenoid accumulation. 
Atmospheric CO2 concentration primarily governs the biological carbon 
fixation in plants. An increase in plant vigour, delay in vegetative to reproductive 
phase transition and a notable increase in biomass, are well-known impacts of 
elevated CO2 on plant growth (Springer and Ward, 2007; Castro et al., 2009; 
Andresen et al., 2017). Elevated CO2 also increases number and size of chloroplasts 
concomitantly enhancing photosynthesis and carbohydrate biosynthesis (Griffin et al., 
2001; Wang et al., 2004; Teng et al., 2006; Li et al., 2013). Rising CO2 increases the 
C:N ratio in plants with concomitant alterations in elemental composition (Loladze, 
2002; Myers et al., 2014), isoprenoids (Sun et al., 2013; Way et al., 2013), flavonoids 
(Karowe and Grubb, 2011; Goufo et al., 2014), anthocyanins (Tallis et al., 2010), and 
alkaloids (Ziska et al., 2008; Singh and Agrawal, 2015) in many plants. In general, 
CO2 enrichment enhances carbon assimilation thereby increasing foliar soluble 
sugars, starch, and amino acids (Moore et al., 1998; Florian et al., 2014; Noguchi et 
al., 2015). Therefore, it is a reasonable assumption that CO2 enrichment would 
increase the availability of isoprenoid substrates required for carotenogenesis.  
The effects of CO2 enrichment on carotenoid and chlorophyll levels in leaves 
are variable among different plants (Table 1). For example, some plants show an 
increase (e.g. Solanum lycopersicum, Gyanura bicolor, Catharanthus roseus), a 
decrease (e.g. Glycine max, Zea mays, Brassica napus, Lactuca sativa, Populus 
tremuloides, and Pinus ponderosa) or no change (e.g. Arabidopsis thaliana, Beta 
vulgaris, and Zea mays) in carotenoid content under eCO2 (Table 1). Similarly, there 
is considerable variability in total chlorophyll levels in response to CO2 enrichment 
(Table 1). The phenomenal variation in chlorophyll and carotenoid levels in response 
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to eCO2 suggests that eCO2 and carotenoid pigment production may be partially regulated by the developmental stage and/or age of the leaf. 
Table 2.1 Elevated atmospheric CO2 has varied effects on foliar carotenoid and chlorophyll pigment content within and between different plant species. 
SN Plants Family Carotenoid 
content 
Chlorophyll 
content 
Reference 
1 Arabidopsis thaliana (L.) Henyh. Brassicaceae ND No change (Cheng et al., 1998) 
2 Arabidopsis thaliana (L.) Henyh. Brassicaceae No change No change (Kooij et al., 1999; Bae and Sicher, 2004) 
3 Arabidopsis thaliana (L.) Henyh. Brassicaceae ND Decrease (Li et al., 2006; Li et al., 2008) 
4 Arabidopsis thaliana (L.) Henyh. Brassicaceae ND Increase (Takatani et al., 2014) 
5 Beta vulgaris L. Amaranthaceae No change Decrease (Kumari et al., 2013) 
6 Brassica napus L. Brassicaceae Decrease Decrease (Miliauskienė et al., 2016) 
7 Catharanthus roseus (L.) G. Don.  Apocynaceae Increase Increase (Singh and Agrawal, 2015) 
8 Glycine max (L.) Merr. Fabaceae Decrease Decrease (Pritchard et al., 2000; Mishra et al., 2008; 
Wang et al., 2015; Singh et al., 2017) 
9 Glycine max (L.) Merr. Fabaceae No change No change (Li et al., 2013) 
10 Gynura bicolor (Roxb. ex Willd.) 
DC. 
Asteraceae Increase Increase (Wang et al., 2016) 
11 Helianthus sp. Asteraceae ND No change (Moore et al., 1998) 
12 Labisia pumila Benth. & Hook. f. Primulaceae ND Decrease (Ibrahim et al., 2014) 
13 Lactuca sativa L. Asteraceae Decrease Decrease (Pérez-López et al., 2015) 
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SN Plants Family Carotenoid 
content 
Chlorophyll 
content 
Reference 
14 Liriodendron tulipifera Magnioliaceae No change Increase (Je et al., 2017) 
15 Musa sp. Musaceae ND No change (Moore et al., 1998) 
16 Pinus ponderosa Douglas ex C. 
Lawson 
Pinaceae Decrease Decrease (Houpis et al., 1988) 
17 Pinus sylvestris L. Pinaceae Decrease Decrease (Wang et al., 2003) 
18 Populus deltoides W. Bartram ex 
Humphry Marshall 
Salicaceae ND No change (Tissue and Lewis, 2010) 
19 Populus tremuloides Michx. Salicaceae Decrease Decrease (Wustman et al., 2001) 
20 Populus × canescens (Aiton) Sm. Salicaceae Decrease Decrease (Way et al., 2013) 
21 Pseudotsuga menziesii (Mirb.) 
Franco var. menziesii 
Pinaceae Decrease Decrease (Ormrod et al., 1999) 
22 Quercus robur L. Fagaceae Decrease ND (Schwanz and Polle, 2001) 
23 Raphanus sp. Brassicaceae ND Decrease (Moore et al., 1998) 
24 Raphanus sp. Brassicaceae ND Increase (Urbonaviciute et al., 2006) 
25 Zea mays L. Poaceae No change No change (Wijewardana et al., 2016) 
26 Zea mays L. Poaceae Decrease Decrease (Wang et al., 2015; Miliauskienė et al., 2016) 
(ND, not determined) 
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In plants, leaves display characteristic developmental patterns as the plant grows 
(Poethig, 2013) and the developmental changes in the leaf functional traits 
continuously interact with the ambient environmental conditions (Jin et al., 2011). 
Arabidopsis rosette leaves show an age-dependent change in morphology (Tsukaya et 
al., 2000; Tsukaya, 2013; Xu et al., 2016) with a characteristic developmental 
transition that is epigenetically regulated by rearrangements in cellular architecture 
(Xu et al., 2016; Nguyen et al., 2017). The early emergent juvenile phase leaves and 
late-emerging adult phase leaves retain their phase identity even though all leaf types 
undergo an age-dependent maturation process (Poethig and Sussex, 1985; Gonzalez et 
al., 2010; Nguyen et al., 2017). The homeostasis of carotenoids during the leaf 
developmental transitions and interactions with changing environmental conditions 
remain surprisingly unexplored. Here, I investigated the potential impacts of leaf 
developmental phase and age on leaf carotenoid accumulation in response to CO2 
enrichment. Carotenoid and chlorophyll levels were quantified in juvenile-to-adult 
leaves and young-to-old leaves from Arabidopsis plants growing under ambient and 
eCO2. I describe an age-dependent effect of eCO2 on foliar carotenoid levels and 
partially resolve ambiguities regarding the variable effects of eCO2 on carotenoid 
pigment accumulation in plants. 
2.2 Materials and methods 
2.2.1 Plant growth conditions 
Arabidopsis thaliana (ecotype Col-0) plants were grown in growth cabinets 
(Climatron Star700, Thermoline Scientific, Australia) under controlled growth 
conditions. The Debco Seed Raising and Superior germinating mix (Scotts Australia) 
with additional fertiliser supplement (3 % Osmocote) was used to grow plants in the 
30-Cell Kwikpot-trays (Garden City Plastics, Australia) with 50x50x60 mm cell 
dimensions and 100 ml cell volume. Arabidopsis seeds were sown on the moistened 
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soil mix and stratified at 4 oC in the dark for three days. Stratified Arabidopsis trays 
were kept under ambient conditions for 48 h until germination, thereby eliminating 
the possible effect of eCO2 on seed germination. The trays with germinated seedlings 
were transferred to the growth cabinets customised for ambient (400 ppm) or elevated 
(800 ppm) CO2 concentration. The photoperiod, light intensity, and temperature 
conditions were 16/8 h (light/dark), 130-150 µmol m-2 sec-1 (provided with high-
pressure sodium lamps) and 22/18 oC (day/night) respectively in all experimental 
chambers. Experiments were repeated at least twice randomising the chambers to 
minimise the growth chamber dependent variations. 
2.2.2 Phenotype assessment 
The rosette characteristics such as the number of rosette leaves, rosette area, and 
rosette biomass were measured four weeks after stratification when the main bolt 
became visible in ~90 % of the plants. The rosette area was measured by analysing 
plants photographs using ImageJ, an open-source Java-based image processing 
computer program (Schneider et al., 2012). Rosettes were dried at 40 oC for 48 h for 
the dry weight measurement. The rosette biomass of the two and three-week-old 
plants was also recorded to determine if there were plant age effects due to eCO2. The 
final harvest was conducted when most of the siliques were mature, and about 5-7 
basal siliques of the main bolt started shattering. Harvested plants were dried at 40 oC 
for 4-5 days, and seed yield was recorded. 
2.2.3 Leaf tissue collection for pigment measurement 
Arabidopsis rosette leaves of different developmental stages were analysed to 
measure the content and composition of photosynthetic pigments (carotenoids and 
chlorophylls) in response to eCO2. Leaf tissues of 25-50 mg/sample were collected 
during the middle of the photoperiod (within 7-9 hours after the start of an 
experimental day) from the 21 days old Arabidopsis plants or as stated otherwise. The 
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time of emergence (ontogeny) based numbering of rosette leaves was adopted to 
identify the leaves of different age and position. In this connection, the first emerged 
true leaf was numbered as #1, and subsequent leaves were numbered serially. Every 
biological sample comprised of the same leaf from 3-7 plants and at least four 
biological replicates were taken for each leaf each treatment. Unless specified 
otherwise, young leaf tissues were collected from the recently emerged leaves (leaf 
length was about 5 mm or smaller and within 4-5 days of emergence) and old leaves 
were fully expanded, but without any visual sign of senescence. Leaf samples were 
snap-frozen in liquid nitrogen and stored in -80 oC until extraction except for the dry 
samples where leaves were dried at 40 oC under dark for 24 hours. 
2.2.4 Pigment extraction 
The extraction and quantification of chlorophylls and carotenoids was 
performed as previously reported (Pogson et al., 1996). The frozen leaf samples were 
milled in the TissueLyser® (Qiagen) and finely powdered 25-50 mg leaf tissues were 
extracted with 1 ml extraction buffer containing acetone and ethyl acetate (60:40) and 
0.1 % butylated hydroxytoluene (BHT). Extraction mixture was vortexed for a 
minute, and 0.8 ml milliQ water was added to separate pigments by the phase 
separation. Microtubes were gently inverted for three times avoiding vigorous shaking 
and centrifuged at 15,000 rpm for 5 minutes at 4 oC. The upper pigmented ethyl 
acetate phase was collected in a new microtube, inverted once, and centrifuged for 
another five minutes as before. Finally, 200 μl pigmented supernatant was collected in 
a clean vial and stored at 4 oC until analysed by HPLC. 
2.2.5 Pigment measurement  
Chromatographic separation of carotenoids and chlorophylls were performed 
using HPLC (Agilent 1260 Infinity). The 20 μl ethyl acetate extract of leaf samples 
was injected into the HPLC system equipped with YMC-C30 (250 x 4.6 mm, S-5 μm) 
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column and Diode Array Detector (DAD) detector. Pigments were separated using a 
reverse-phase solvent gradient comprised of mobile phase A (methanol with 0.1 % 
(v/v) triethylamine) and B (methyl tert-butyl ether). The initial solvent composition 
was 85 % and 15 % of the solvent A and B respectively until one minute, followed by 
a gradient that reached 35% of B at 11.0 minute. The ratio of B increased to 65 % at 
11.1 minutes, followed by a gradient up to 100 % at 15.0 minute and stabilised until 
17.0 minute. The solvent flow rate was 1 ml/min until 17.0 minutes. The solvent 
composition was returned to the initial state (15 % of B) at 17.1 minutes, and the 
column was equilibrated until 25 minutes with the flow rate of 2.0 ml/minute. 
Carotenoid and chlorophyll peak signals were recorded at 440 nm, and individual 
pigments were identified by comparing their retention time and absorption spectra 
with the published literature (Rodriguez-Amaya and Kimura, 2004). The pigment 
concentration was interpreted in terms of microgram per gram of fresh or dry weight 
of tissue by integrating peak area with the standard curve as described by (Pogson et 
al., 1996) and (Cuttriss et al., 2007).  
The DAD signals were recorded at 440 nm, and carotenoid species were 
identified by retention time, spectral structure and the ratios of maximum absorption 
peaks. The absolute quantities of carotenoids in micrograms (µg) of carotenoids per 
gram fresh weight (gfw) was derived by integrating the peak area to a standard curve 
value, as previously described (Pogson et al., 1996). Slope values used for converting 
peak area into µg/gfw leaf tissue include; neoxanthin (8.787E-05), violaxanthin 
(7.986E-05), lutein (9.498E-05; also used for antheraxanthin and zeaxanthin), -
carotene (9.22E-05), chlorophyll b (2.849E-04) and chlorophyll a (2.74E-04). The 
proportions of individual carotenoids were presented as a percentage of total 
carotenoid content. 
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2.2.6 Gas exchange measurements 
The mid-day leaf-level gas exchange was measured under plant growth 
conditions using the LI-6400 XT (LI-COR Biosciences, Lincoln, USA) to determine 
photosynthesis in response to atmospheric CO2 concentrations (Ca). Four plants of the 
similar developmental stage were sampled from each treatment group for the mid-day 
gas exchange measurements. The fully expanded inner rosette leaves of similar size 
were maintained for 10-20 minutes at their growth conditions (i.e. leaf temperature 
(22 °C), humidity (60 %), light intensity (150 PAR) and 400 or 800 ppm CO2) in the 
Li-COR leaf chamber to attain steady-state photosynthesis before measurement. The 
carbon assimilation rate (A) as a function of intercellular CO2 (Ci) was measured by 
applying external CO2 in 13 steps, increasing from 50 to 1400 ppm. The gas exchange 
responses were recorded at each Ca set-point after three minutes of photosynthesis 
stabilisation. The ACi responses at the growth Ca were used to compare treatment 
effects on the net CO2 assimilation rate (Anet). 
2.2.7 Data analysis and illustrations 
The test parameters were presented in terms of the sample mean ± standard 
errors of means (SEM). Student t-test was performed to interpret the paired 
comparisons, and Two-Way ANOVA was performed for the unpaired multiple mean 
comparisons. 
2.3 Results 
2.3.1 CO2 enrichment enhanced photosynthesis and plant biomass 
In order to test the effects of CO2 enrichment on leaf carotenoid levels, I first 
evaluated the effects of eCO2 on Arabidopsis growth, development and 
photosynthesis. Seeds were germinated and grown in environmentally controlled 
growth chambers maintained with either 400 ppm (aCO2) or 800 ppm (eCO2) CO2. To 
minimise the impact of the plant developmental stage on the biomass response to 
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eCO2, I analysed biomass accumulation throughout vegetative development. Two-, 
three- and four-week-old plants all displayed a consistent increase (>50 %) in rosette 
biomass in eCO2 (Figure 2.1 A). At the time of vegetative to reproductive phase 
transition when the floral bolt emerged, the rosettes of eCO2 treated plants were 
significantly larger, and the leaf blades of adult leaves were partially curling toward 
the abaxial surface (Figure 2.1 B-C). There was a marginal (1-2 days) delay in the 
time of flowering for the eCO2 plants and a significant increase in leaf number (Figure 
2.1 D). Overall, the flowering 4-week-old eCO2 grown plants had a 60 % greater 
shoot biomass (fresh and dry) and 30 % higher seed yield compared to aCO2 grown 
plants (Figure 2.1E-G). Photosynthesis (Anet) in the fully expanded adult leaves (leaf 
9-11) of bolting-stage Arabidopsis plants was 60 % higher (t-test p>0.001) in eCO2 
plants (Figure 2.1 H) leading to a substantial effect on overall Arabidopsis growth 
(Figure 2.1 I). The rate of photosynthesis was not measured in recently emerged 
leaves due to their small size (<5 mm). 
 
Figure 2.1 Elevated CO2 enhances Arabidopsis plant biomass and photosynthesis. 
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A) Rosette biomass of Arabidopsis plants grown under ambient and elevated CO2. Rosettes 
were harvested 2, 3 and 4 weeks after germination. B-E) Images of whole rosettes (B), leaf 
rosette area (C), number of rosette leaves (D), and rosette fresh (E) and dry weight (F) from 
four-week-old plants grown under ambient and elevated CO2 (n=30). G) Yield of seed from 
individual plants (60 DAG) grown to full maturity under ambient and elevated CO2 (n=10). 
H) Rate of photosynthesis (Anet) in the fully expanded rosette leaves of ambient and elevated 
CO2 grown plants (n=4). I) Percentage increase in growth traits under elevated CO2. Data is 
representative of at least two independent experiments. Error bars represent standard error. 
Statistical analysis by paired t-test (p<0.05; *** represents p<0.001). Amb; Ambient CO2, 
Elev; elevated CO2, DW; Dry Weight, FW: Fresh Weight. 
2.3.2 CO2 enrichment enhanced carotenoids in young recently emerged leaves 
Carotenoids and chlorophyll pigments in mature fully expanded adult leaves 
exhibited no significant difference in response to eCO2 (Figure 2.2 A-B). However, 
the recently emerged younger leaves from plants grown under eCO2 showed a 
significant ~20 % increase in total carotenoid content (Figure 2.2 C). The levels of 
lutein, -carotene, violaxanthin, and neoxanthin were all significantly higher in 
younger leaves than in older leaves in eCO2 (Figure 2.2 D). The percentage 
composition of individual carotenoids, relative to the total, remained unchanged 
except for neoxanthin, which showed a subtle yet significant increase (Figure 2.2 E). 
The amounts of carotenoids and chlorophylls are tightly coordinated to maintain 
photosystem assembly and maximum photosynthetic efficiency. Indeed, I did observe 
a significant ~10 % increase in total chlorophyll levels in younger emerging leaves 
from eCO2 plants (Figure 2.2 F). The chlorophyll a/b, as well as the 
carotenoid/chlorophyll ratios, remained constant in younger leaves in response to 
eCO2 (Figure 2.2 G-H). Therefore, despite the increased rate of photosynthesis in 
older leaves from plants grown under eCO2, foliar carotenoid and chlorophylls level 
levels were only enhanced in the recently emerged younger leaves. 
62 
 
 
Figure 2.2 Elevated CO2 increases carotenoid and chlorophyll levels in young expanding 
leaves.  
Total carotenoid (A) and chlorophyll (B) content in the fully expanded and older adult phase 
leaves (leaf#5-7) from three-week-old plants grown under ambient (amb) and elevated (elev) 
CO2. C-F) Pigment quantifications in recently emerged and younger adult phase leaves 
(leaf#10-12) from three-week-old plants grown under ambient and elevated CO2. C) Total 
carotenoid content. D) Individual carotenoid content. E) Percentage of individual carotenoids 
to the total carotenoid content. F) Total chlorophyll content. G) chlorophyll a/b, and H) 
chlorophyll/carotenoid ratios. Data is representative of three independent experiments. Error 
bars represent standard error (n=10). Statistical analysis by paired t-test (p<0.05; *, p<0.01; 
**, p<0.001; ***). Car; carotenoids, Chl; Chlorophylls, Neo; Neoxanthin, Viol; Violaxanthin, 
Lut; Lutein, -c; -carotene. 
2.3.3 Interaction between eCO2 and carotenoid accumulation in leaves is age-
dependent 
I next quantified carotenoid levels in Arabidopsis leaves of different age and 
developmental phases to determine if the eCO2 enhancement of carotenoids was 
dependent upon leaf age or ontogeny. Intriguingly, carotenoids displayed a linear 
decrease while moving from the recently emerged and younger adult phase leaves 
through to the early emerged juvenile phase leaves (Figure 2.3 A). The recently 
emerged adult phase leaves (leaf 11) comprised nearly 80 % higher carotenoid levels 
than the juvenile phase leaves (leaf 3). The linear decrease in carotenoids from 
younger to an older adult (leaves 11 to 7) and younger to older juvenile (leaves 5 to 3) 
leaves revealed an age-dependent process that reduces total carotenoids in aging 
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leaves, irrespective of their developmental phase (Figure 2.3 B). The individual 
carotenoids, lutein, -carotene, neoxanthin and violaxanthin, involved in photosystem 
assembly or photoprotection were reduced as leaves matured and became older 
(Figure 2.3 C-F).  
I examined the interaction between eCO2 and carotenoid accumulation during 
the stages of leaf development and observed a significant effect on total carotenoid 
accumulation that correlated tightly with leafage, and not the developmental phase 
(Figure 2.3 B). Similarly, the individual carotenoids lutein, -carotene and 
violaxanthin were significantly enhanced in the young expanding leaves (Leaf 11 and 
9), but not in the fully expanded older adult (leaf#7) or juvenile (Leaf#5 and 3) leaves 
(Figure 2.3 C-E). Surprisingly, neoxanthin was significantly increased in all leaves 
from plants grown under eCO2; however, the enhanced effect diminished with leaf 
age (Figure 2.3 F). Taken together, I demonstrate an interaction whereby eCO2 
enhances carotenoid accumulation in an age-, but not phase-dependent manner. 
64 
 
 
Figure 2.3 Leaf-age interaction effects carotenoid accumulation in response to elevated CO2. 
Analysis of carotenoid pigmentation in aging adult and juvenile phase leaves from four-week-
old plants (pre-bolting stage) grown under ambient (amb) and elevated (elev) CO2. A) Phase 
development and leaf ontology of an Arabidopsis rosette. B) Total carotenoids, C) Lutein, D) 
-carotene, E) Violaxanthin, and E) Neoxanthin content in the leaves of different 
developmental phases and ages. Data is representative of two experimental repeats. Plots 
represent sample mean with error bars displaying the standard error (n=5). Statistical analysis 
by paired t-test (p<0.05; *, p<0.01; **, p<0.001; ***). 
2.3.4 Carotenoid accumulation decreases with leaf-age 
Younger leaves contained higher levels of carotenoids when compared to older 
leaves. Multiple experimental and biological repetitions were performed using 
different lighting conditions. Despite the absolute levels of carotenoids in young or 
older leaves being slightly variable, approximately 60-80 % higher level of 
carotenoids was observed in younger leaf tissues irrespective of the independent 
experiments (Figure 2.4 A). I quantified pigment content in dried leaf samples of 
young and older leaves to ascertain whether the leaf water content could cause an 
anomaly in the differently-aged leaf tissues. In concert with our previous results, I 
observed about 50 % more carotenoids in younger leaves when compared to the older 
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leaves (Figure 2.4 B). Therefore, younger leaves have a higher capacity to accumulate 
carotenoids when compared to older leaves. 
To further validate the age-related reduction in leaf carotenoid levels, I 
quantified carotenoids during the aging of embryonic (cotyledons), juvenile and adult 
leaves (Figure 2.4 C). Total carotenoids in cotyledons decreased by 45 % after five 
days of aging, reflected by decreases in lutein, -carotene, neoxanthin and 
violaxanthin (Figure 2.4 D; day 9 vs 14). A similar age-related 66 % decrease of total 
carotenoids was observed for the juvenile-phase rosette leaves after 10 days of aging 
(Figure 2.4 E, leaves#3 and 4). The individual carotenoids also declined accordingly 
after seven days of maturation (Figure 2.4 E). The total and individual carotenoids in 
the adult-phase leaf (the last pair of rosette leaves) also showed a consistent decrease 
(40 %) after 10 days of maturation, further supporting previous observations that 
higher levels of carotenoids accumulate in the most recently emerged adult leaf 
(Figure 2.4 F and 3). Interestingly, the total levels of carotenoids among the three 
different leaf types, young or old, appears to be higher in adult leaves when compared 
to juvenile leaves and cotyledons contained the lowest content (Compare Figures 2.4 
D-F). Taken together, all leaf types examined show an age-dependent decline in total 
carotenoid content, particularly lutein. I conclude that leaf-age is a crucial factor 
affecting carotenoid accumulation within any leaf type, and perhaps leaf-phase can 
affect maximum carotenoid content. 
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Figure 2.4 Younger leaves have higher carotenoid levels compared to older leaves. 
A) Total carotenoid content was consistently higher in younger leaves, despite some small 
variation among independent experiments. B) Carotenoid content in young and old dried leaf 
tissues. C) Images of Arabidopsis plants at different developmental stages (9, 14, 21 and 31 
DAG). (D) Carotenoid content in cotyledons aged from 9 to 14 DAG. E) Carotenoid content 
in juvenile phase leaves (leaf#3) aged from 14 to 21 DAG. E) Carotenoid content in the 
recently emerged adult phase leaves aged from 21 (leaf#10-13) to 31 (the last rosette leaf#13) 
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DAG. Figures are representative of two independent experiments. Plots represent sample 
means, and error bars display standard error (n=5). Statistical analysis by paired t-test 
(p<0.01; **, p<0.001; ***). Car; carotenoids, Neo; Neoxanthin, Vio; Violaxanthin, Lut; 
Lutein, -c; -carotene, AL; adult leaf, JL; juvenile leaf, Ct; cotyledon. 
2.4 Discussion 
CO2 enrichment generated a significant enhancement in plant biomass and 
photosynthesis in Arabidopsis as previously revealed (Smith et al., 2000; Andresen et 
al., 2017). Increase in the number and size of chloroplasts may accompany the 
enhanced rate of carbon assimilation (Teng et al., 2006); and therefore, additional 
carotenoids and chlorophylls may be required to fulfil the requirements of light-
harvesting and enhance the efficiency of photosynthesis (Ritz et al., 2000; Wang et 
al., 2015; Jin et al., 2016). Here, eCO2 increased photosynthesis, as observed in the 
fully expanded leaves (Figure 2.1 H). However, eCO2 enhanced carotenoid and 
chlorophyll pigments in the young emerging leave only, and not in the fully expanded 
mature and older leaves (Figure 2.2 C-D). The discrepancy in CO2 dependent 
enrichment of pigments in young and older leaves was not consistent with the 60 % 
increase in photosynthesis in mature older leaves. The leaf-age related effect of eCO2 
on the carotenoid content implicates the differential strategies of young and mature 
leaves to utilise additional carbon source. 
Several reports are available describing how the state of photosynthesis can 
affect carotenoid pigments levels in different plants in response to the seasonal 
changes such as light and temperature (Stylinski et al., 2002; Lobato et al., 2010). 
These facts highlight that a change in pigments to a level below that of a critical 
threshold due to stress or sub-optimal lighting can rate-limit photosynthesis. 
Photosynthetic capacity is not necessarily linked to pigment levels, but critically 
important is the content of ribulose-1,5-bisphosphate carboxylase/oxygenase 
(Rubisco) and availability of intracellular CO2 (Jiang and Rodermel, 1995). Similar, a 
heterogeneity in photosynthetic capacity among different aged leaves has been linked 
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to nitrogen allocation and photon flux density (Hikosaka et al., 1994). Since our light 
levels and growth conditions were optimal for sufficient photon capture and nitrogen 
assimilation, any change in pigment levels due to leaf aging would be unlikely to 
affect photosynthesis. Finally, CO2 enrichment studies have shown insignificant 
changes in leaf carotenoid and chlorophyll levels for many plant species despite 
increased photosynthesis (Cheng et al., 1998; Kooij et al., 1999; Bae and Sicher, 
2004). Therefore, in mature Arabidopsis leaves when photosynthetic capacity is 
enhanced by eCO2, carotenoid and chlorophyll levels remain unchanged under 
optimal light and growth conditions. Rather an interaction between leaf age, 
chloroplast and thylakoid development and Rubiso activity more likely underpins the 
higher rate of photosynthesis observed in older leaves in response to eCO2. 
An increase in metabolic precursors and larger plastid storage capacity, together 
with higher photosynthesis in eCO2, should increase the foliar carotenoid and 
chlorophyll content. While species-specific and different environmental conditions 
(light, temperature, water, and nutrient) can alter carotenoid and chlorophyll levels, 
inconsistent results are commonly seen even in the same plant species under similar 
conditions. For example, in Arabidopsis eCO2 caused an increase (Takatani et al., 
2014), decrease (Li et al., 2006; Li et al., 2008), and no change (Cheng et al., 1998; 
Kooij et al., 1999; Bae and Sicher, 2004) in leaf chlorophyll content. Similarly, 
carotenoids in leaves from different species, including Arabidopsis, showed a variable 
response to eCO2 (Table 2.1). Surprisingly, only a few studies have investigated 
carotenoid levels in leaves from plants grown in eCO2 and those in Arabidopsis 
showed no significant change in carotenoid content (Kooij et al., 1999; Bae and 
Sicher, 2004). 
69 
 
An unresolved issue is whether the developmental transition of a leaf could 
affect the accumulation of foliar carotenoids and chlorophylls in response to eCO2. 
The distinct variation in morphology (Boyes et al., 2001), developmental phase 
identity (Kerstetter and Poethig, 1998; Poethig, 2013), and cell types (Tsukaya et al., 
2000; Nguyen et al., 2017) of Arabidopsis rosette leaves could alter the effects of 
eCO2 enrichment on carotenoids and chlorophyll content in leaves. The 
photosynthetic pigment pool is presumed to be in the steady-state in the 
photosynthetically active leaves until the onset of senescence (Biswal, 1995). Indeed, 
I showed that eCO2 altered Arabidopsis leaf growth, causing mild curling and 
enhancing the size and biomass (Figure 2.1). Initially, I thought that the leaf 
developmental phase (juvenile vs adult) rather than the age (young vs old) was the 
cause for the significant reduction (>60 %) in carotenoid and chlorophyll levels of the 
older leaves. However, a significant linear decline in carotenoids from the newly 
emerged and younger adult leaves through to the oldest and most mature juvenile 
phase leaves indicated that it was not a phase-dependent process. While comparing 
the carotenoid levels between the recently emerged (younger) adult phase leaves 
(leaf#9 and 11) or earlier emerged (older) juvenile phase leaves (leaf#3 and 5) it 
became apparent that there was a significant age-dependent difference of carotenoids 
in each phase-type. Every leaf of Arabidopsis rosette displays a different level of 
maturity depending on the time of emergence (Figure 2.3 A), and it seemed more 
likely that the age of leaf, rather than the phase of the developmental transition was 
affecting eCO2 effect on carotenoid levels in leaves. It is also possible that different 
leaf phases can affect maximum carotenoid levels, although further research is 
necessary to uncouple this interaction. 
Leaf maturation encompasses a plethora of morphological and cellular changes, 
including the expansion of cell size concomitantly increasing chloroplast size and 
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density per cell (Table 1.1). Mature leaves usually comprise more giant cells which 
may affect chlorophyll and carotenoid accumulation in the leaf tissues of the different 
maturity level. I confirmed that indeed this was not problematic as the individual 
carotenoids (lutein, -carotene, violaxanthin, and neoxanthin) were all reduced in 
older juvenile phase leaves compared to younger adult phase leaves when expressed 
on a dry weight basis (Figure 2.4). The variation in carotenoid and chlorophyll levels 
observed between juvenile and adult phase leaves was an age-dependent process. 
Both juvenile phase (day 14 vs 21) and adult phase leaves (day 21 vs 31) show a 
decrease in carotenoid content that is age-dependent (Figure 2.4 D, E, F). 
Similarly, even cotyledons (embryonic leaves) show an age-dependent 
reduction in carotenoid content following 7 days after germination. Collectively, three 
different Arabidopsis leaf phases all demonstrated a similar age-related process that 
reduces carotenoid content on both a fresh and dry weight basis (Figure 2.4). Such an 
age-dependent decrease in chlorophyll content has been observed in senescing leaves 
of Arabidopsis (Matile et al., 1999; Lim et al., 2007; Nath et al., 2013). Carotenoid 
content also decreases in senescing leaves of tobacco (Whitfield and Rowan, 1974), 
which is mostly associated with the chloroplast disintegration (Lim et al., 2007) and a 
higher rate of carotenoid degradation has been observed in Arabidopsis leaves (Rottet 
et al., 2016). Nevertheless, it is striking to observe substantially higher levels of 
carotenoid and chlorophyll levels in younger leaves that undergo a sequential age-
related decrease in the absence of any visible signs of senescence, while still 
maintaining a steady-state pigment pool for photosystem assembly and 
photosynthesis. 
The leaf age-dependent variation in the photosynthetic pigment pool led us to 
hypothesise that eCO2 could also show a leaf age-dependent interaction on the foliar 
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carotenoid levels. Indeed, I observed that eCO2 significantly increased carotenoid 
(~20%) and chlorophyll (~10 %) levels in the younger leaves (Figure 2.2), becoming 
less significant as the leaves matured and became older. It was interesting that while 
lutein, -carotene and violaxanthin all showed a significant increase in the younger of 
leaves (#7-11), only neoxanthin was significantly enhanced in all leaves from the 
plants grown under eCO2. Multiple experimental repetitions confirmed significantly 
higher levels of carotenoids in young leaves in eCO2 conditions. The significant 
increase in neoxanthin content under eCO2, regardless of the leaf-age, corresponds 
with the increase in abscisic acid and stomatal closure in response to eCO2 (Chater et 
al., 2015), although it needs further validation.  
The distinct and consistent impacts of leaf age on both carotenoid and 
chlorophyll content highlight that the selection of leaves of different ages could be the 
most plausible explanation for the apparent variability in photosynthetic pigment 
response to eCO2 (as of the available literature). Also, because carotenoids show an 
age-dependent decline during leaf maturation (Figure 2.2, 2.3, and 2.4), an unexplored 
regulatory mechanism for maintaining photosynthetic pigment homeostasis during 
Arabidopsis leaf aging remains to be discovered. The substantially higher level of 
photosynthetic pigments in young leaves corresponds with the higher rate of protein 
synthesis (Ishihara et al., 2015) and, therefore, higher level of soluble proteins 
(Stessman et al., 2002). However, why do young leaves accumulate higher levels of 
carotenoids, and how is the carotenoid pool maintained during leaf maturation before 
the onset of senescence remain unexplored. The cell size is much smaller in young 
leaves; hence, high cell density (Possingham and Saurer, 1969), and eCO2 can 
increase cell density, chloroplast density, and cellular protein level (Griffin et al., 
2001; Teng et al., 2006; Li et al., 2013). The significant increase in the level of 
photosynthetic pigments in young leaves in response to eCO2 implicates cell and 
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chloroplast density affecting the level of foliar pigments. Would it be due to the 
higher cell and chloroplast density in young leaves; which demands further 
experimentation? Understanding these processes could provide new tools towards 
maintaining carotenoid homeostasis within a cell and ultimately enhance the 
efficiency of carbon assimilation and photosynthesis in response to increasing 
atmospheric CO2. 
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An extreme heatwave enhances xanthophyll de-epoxidation 
and zeaxanthin content in leaves of Eucalyptus 
parramattensis  
 
Both data and text appeared in this chapter are as presented in the manuscript, 
except modifications where appropriate, that has been submitted to a journal 
“Physiology and Molecular Biology of Plants, ISSN: 0971-5894 (Print) 0974-0430 
(Online) as “Dhami N., Drake J. E., Tjoelker M. J., Tissue D. T., Cazzonelli C. I. 
(2019, under final review). An extreme heatwave enhanced the xanthophyll de-
epoxidation state in leaves of Eucalyptus trees grown in the field”.  
Arabidopsis thaliana was used to generate most of the data presented in this 
thesis. As Arabidopsis was not appropriate to apply extreme heatwave temperature 
(>40oC) for four consecutive days, I took advantage of an ongoing experiment with 
Eucalyptus parramattensis trees in the whole tree chambers (WTCs) facility and 
examined foliar carotenoids in Eucalyptus leaves from the plants exposed to the long-
term warming followed by an experimental heatwave (>43oC). 
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Abstract 
Heatwaves are becoming more frequent with climate warming and can impact 
tree growth and reproduction. In the field with a full sun-shine, Eucalyptus 
parramattensis C. Hall trees can cope with an extreme heatwave via transpirational 
cooling and enhanced leaf thermal tolerance that protects foliar tissues from photo-
inhibition and photo-oxidation during natural midday irradiance. Here, we explored 
whether changes in foliar carotenoids and/or the xanthophyll cycle state can facilitate 
leaf acclimation to long-term warming and/or an extreme heatwave event.  We found 
that Eucalyptus leaves had similar carotenoid levels when grown for one year under 
ambient and experimental long-term warming (+3 oC) conditions in whole-tree 
chambers (WTCs) in the field. Exposure to a 4-day heatwave (> 43 oC) significantly 
enhanced xanthophyll de-epoxidation state and zeaxanthin content regardless of the 
warming history revealing a mechanism by which trees could minimise high 
temperature and light-induced oxidative damage of foliar tissues. The levels of 
zeaxanthin were significantly higher in both young and old leaves during the 
heatwave, revealing that violaxanthin de-epoxidation and perhaps de novo zeaxanthin 
synthesis contributed to the enhancement of the xanthophyll cycle state. A higher 
xanthophyll de-epoxidation rate of de-epoxidation could contribute to thermal 
dissipation of the harmful excessive excitation energy during midday irradiance and 
help to minimise photosystem damage. Also, an increase in zeaxanthin can efficiently 
protect chloroplasts from heat-induced oxidative damage. In an era of global warming 
with an increased number of heatwave events in future, E. parramattensis trees can 
utilise biochemical strategies to alter the xanthophyll cycle state and cope with 
extreme heatwaves under natural solar irradiation. 
  
75 
 
3.1 Introduction 
Heatwaves can consist of several consecutive days of extremely hot temperature 
and are predicted to increase in intensity and frequency as the climate change 
scenarios continue (Teskey et al., 2015). Indeed, several extreme heatwaves were 
recently observed in Europe, Australia, and China (Ciais et al., 2005; van Gorsel et 
al., 2016; Yuan et al., 2016). Heatwaves occur concomitantly with rising global mean 
temperature (+0.85 °C from 1880 to 2012, +1 °C for Australia from 1910-2016) that 
could increase as much as +3 °C by 2100 (Australian Bureau of Meteorology; IPCC, 
2014). Heatwaves can have detrimental effects on plant growth and physiological 
performance as well as ecosystem function (Teskey et al., 2015; O'Sullivan et al., 
2017; Niinemets, 2018). However, trees can perceive and rapidly respond to heatwave 
events by maintaining the leaf temperature within the limits of thermal tolerance (Liu 
et al., 2015; Urban et al., 2017; Drake et al., 2018). The higher air temperatures or 
heatwave events may exceed optimal temperature limits for photosynthesis and 
reduce/inhibit leaf photosynthesis because of increased mitochondrial respiration, 
photorespiration, stomatal closure and impairment to photosynthetic biochemistry 
(Lin et al., 2012; Teskey et al., 2015). The photosynthetic rate and stomatal 
conductance are often altered under heatwave conditions leading to a higher rate of 
transpiration that maintains latent cooling of leaves, thereby protect leaves against 
thermal damage (von Caemmerer and Evans, 2015; Urban et al., 2017; Urban et al., 
2017; Drake et al., 2018).  
The thermal acclimation of respiration is another key physiological strategy in 
plants to cope with high-temperature stress (Atkin and Tjoelker, 2003; Tjoelker, 
2018). High temperature-induced reduction and/or inhibition in photosynthetic rate 
accompanied with the increased rate of photorespiration and mitochondrial respiration 
(Lin et al., 2012; Teskey et al., 2015) triggers the accumulation of reactive oxygen 
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species (ROS) such as singlet oxygen (1O2), excited triplet and singlet chlorophylls 
(3Chl* and 1Chl*), and hydrogen peroxide (H2O2) (Gonzalez-Perez et al., 2011; Wang 
et al., 2014; Shumbe et al., 2016). Increase in ROS accumulation can cause lipid 
peroxidation disrupting membrane structures and functions that often result in lethal 
consequences such as cell death (Huve et al., 2011; Shumbe et al., 2016). Therefore, 
dissipation of excess photon energy and attenuation of ROS production and/or activity 
is necessary to avoid photooxidative damage facilitating functional integrity of the 
cell and subcellular organelles (Kato et al., 2003; Foyer et al., 2009; Roach and 
Krieger-Liszkay, 2014). 
In chloroplasts, besides accessory role in light-harvesting (Ritz et al., 2000; 
Balevicius et al., 2017), carotenoid pigments play a vital role in photoprotection of 
structure and function of chloroplasts particularly during high light stress conditions 
(Pascal et al., 2005; Magdaong and Blankenship, 2018). In the thylakoid membranes, 
carotenoids regulate excitation energy usage during fluctuations in intensity and 
quality of light spectrum (Demmig-Adams and Adams, 1996; Strzałka et al., 2003; 
Pogson et al., 2005). Under high light stress, when CO2 fixation becomes minimal or 
absent, a quick enzymatic de-epoxidation of violaxanthin to zeaxanthin via 
antheraxanthin, in a process referred to as the xanthophyll cycle, provides a 
mechanism for the thermal dissipation of excess excitation energy (non-
photochemical quenching; NPQ) from the photosystems attenuating photooxidative 
damage (Niyogi et al., 1998; Wehner et al., 2004; Jahns and Holzwarth, 2012; 
Demmig-Adams et al., 2014; Papageorgiou and Govindjee, 2014; Ruban, 2016). The 
xanthophyll cycle is, thus, critically regulated in response to the high light stress.  
The state of xanthophyll cycle pigments can provide an adaptive strategy to 
cope with the high temperature-induced oxidative stress in plants. For example, the 
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Eucalyptus seedlings exposed to a short-term heatwave (45 oC) increased the foliar 
xanthophyll pool enriching antheraxanthin and zeaxanthin (Roden and Ball, 1996). 
The level of xanthophyll cycle carotenoids may vary over a timescale of days to 
seasons, and the capacity for energy dissipation depends upon the intensity of light 
and seasonal temperatures (Logan et al., 1998; Logan et al., 2009). For example, 
Mediterranean species are highly efficient to acclimate extremely hot summer 
compared to Atlantic species (García-Plazaola et al., 2008). Likewise, long-term 
exposure of Eucalyptus seedlings to a warmed environment (+4 oC) generated 
variable effects on the xanthophyll pool composition, depending upon the species 
(Logan et al., 2010). Therefore, the thermal tolerance of leaves may vary among the 
different plant species. 
Zeaxanthin has the highest antioxidant capacity among carotenoids (Havaux et 
al., 2007) and it is the primary receptor and quencher of the excess excitation energy 
in photosystem II (PSII) (Havaux and Niyogi, 1999; Holt et al., 2005; Demmig-
Adams et al., 2014), but not in PSI (Tian et al., 2017). In thylakoid membranes, 
differential localisation and orientation of xanthophyll molecules can modulate the 
membrane fluidity and stabilise membrane structures, more so during the 
environmental stress conditions (Gruszecki and Strzaŀka, 1991; Kupisz et al., 2008; 
Grudzinski et al., 2017). The violaxanthin de-epoxidase catalyses the conversion of 
violaxanthin into zeaxanthin that can occur within seconds to 2-3 minutes, and higher 
membrane fluidity favours de-epoxidation (Latowski et al., 2002). Under elevated 
temperature, zeaxanthin can enhance the rigidity of thylakoid membranes and 
maintain functional homeostasis of the photosynthetic apparatus (Subczynski et al., 
1991; Havaux and Niyogi, 1999; Latowski et al., 2002; Strzałka et al., 2003; Havaux 
et al., 2007; Kupisz et al., 2008). The intercalation of zeaxanthin in lipid membranes 
decreases the membrane fluidity that makes membranes less-permeable for ROS, 
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eventually enhancing the anti-oxidative capacity (Subczynski et al., 1991; Kupisz et 
al., 2008). Also, an increase in zeaxanthin content rigidifies the thylakoid membranes 
and, thereby increasing the thermostability against stressful light and temperature 
conditions (Tardy and Havaux, 1997; Grudzinski et al., 2017). Zeaxanthin, thus, can 
stabilise lipid membranes and attenuate oxidative stress maintaining both physical and 
functional integrity of chloroplasts and, therefore, leaves during high-temperature 
stress conditions. 
Zeaxanthin is the most potent antioxidant carotenoid among xanthophylls, 
therefore, considered as a major thermo-stabilizer carotenoid of chloroplast 
membranes (Bukhov et al., 2001; Havaux et al., 2007). Increase in zeaxanthin content 
is an adaptive strategy that plants can utilise to attenuate the deleterious effects of 
high light and/or high-temperature stress condition, thereby safeguarding the 
chloroplast structure and functions (Demmig-Adams and Adams, 1996; Havaux et al., 
2004; Jahns and Holzwarth, 2012). High-temperature priming can enhance cellular 
antioxidant capacity enabling plants more tolerant to the subsequent events of more 
severe heat stress as evident in wheat (Wang et al., 2014). De-epoxidation of 
violaxanthin enriching the zeaxanthin content appears to be the major adaptive 
strategy to minimise heat-induced oxidative stress in different plants such as 
maize/Zea mays (Lawanson et al., 1978), potato/Solanum tuberosum (Havaux et al., 
1996), Arabidopsis thaliana (Davison et al., 2002), rice/Oryza sativa (Yin et al., 
2010), oak/Quercus pubescens (Haldimann et al., 2008), evergreen boxtree/Buxus 
sempervirens (Hormaetxe et al., 2007) and alpine mountain shrubs including 
Rhododendron ferrugineum, Senecio incanus and Ranunculus glacialis (Buchner et 
al., 2015). Besides xanthophylls, there are possibilities, whereby various cis-carotenes 
and apocarotenoids can regulate chloroplast functions facilitating signalling and 
acclimation to extreme temperature conditions (Beltran and Stange, 2016; Hou et al., 
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2016; Alagoz et al., 2018). The objective of this study was to determine how an 
extreme heatwave (>43 oC) event in combination with the long-term warming (+3 
oC), affect the state of the xanthophyll cycle carotenoids in the leaves from Eucalyptus 
parramattensis trees grown in whole-tree chambers (WTCs) in field condition under 
natural solar irradiation. 
3.2 Materials and methods 
3.2.1 Experimental site and long-term warming and heatwave treatments 
The experimental site was in Richmond, NSW, Australia (33°36ʹ40ʺS, 
150°44ʹ26.5ʺE), where we used 12 whole tree chambers (WTCs) equipped with the 
facilities to manipulate air temperature (Tair), vapour pressure deficit (VPD), relative 
humidity (RH), and atmospheric CO2 concentration at ambient levels in the canopy 
air space of a local woodland tree, Eucalyptus parramattensis grown in field 
conditions as described previously (Drake et al., 2018). The experimental design and 
physiological responses of E. parramattensis trees to long-term warming and the 
heatwave event are described in detail by Drake et al. (2018). In brief, the WTCs were 
large cylindrical structures topped with a cone (3.25 m in diameter, 9 m in height, the 
volume of ~53 m3). One potted seedling (average height was 60 cm) was planted into 
each WTC on 23rd December 2015 and grown to a maximum height of the WTC 
(trees aged ~ 342 days). Six WTCs were used to track and simulate the natural 
variation in ambient Tair and RH at the site (i.e. ambient treatment). Another six 
WTCs were used to simulate a long-term warming treatment (ambient Tair plus 3 
oC 
and ambient RH). Trees were watered every fortnight with half the mean monthly 
rainfall for the site until one month before the heatwave when irrigation was 
suspended. An experimental heatwave with a peak Tair of 43-44 
oC (over the day/night 
cycles) was applied during the Austral Spring-Summer for four consecutive sunny 
days (Oct 31 - Nov 3, 2016) to three of the WTCs maintained at ambient Tair and three 
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subjected to long-term warming (Drake et al., 2018). The heatwave and long-term 
warming was biologically relevant as the most severe heatwave recorded for this 
location over four consecutive days had a maximum Tair of 40-41 °C (heatwave from 
5-8 Feb 2009, data from 1953-2016) and +3 oC increase in maximum temperature has 
been predicted for this region by 2100 (Sillmann et al., 2013; Cowan et al., 2014).  
3.2.2 Pigment measurements 
Three old (dark green, tough textured) and three young (light green, tender in 
texture) leaves were collected from the basal and apical regions, respectively, of the 
same branch from the upper third of the crown of each experimental tree on the 4th 
day of the heatwave between 14:30-15:30 hours, when Tair exceeded 43 
oC. Leaf 
samples were kept on ice. It took approximately an hour to transfer leaf samples from 
WTCs to the ice in the lab, which might have affected the level of xanthophyll cycle 
pigments. Therefore, I maintained appropriate control samples to establish a baseline 
of pigment ratios for the heatwave experiment. Approximately 10-20 mg of fresh leaf 
tissue (two leaf discs 5 mm diameter) were taken from the base of each leaf avoiding 
the midrib and frozen immediately in liquid nitrogen (in 2 ml vials) and later stored at 
-80 oC until pigment extraction. Frozen leaf tissues were homogenised to a fine 
powder in TissueLyser® (QIAGEN) for two minutes at 20 Hz speed using stainless 
steel beads (~3 mm diameter) in 2 ml clear microtubes. Finely powdered leaf tissues 
were extracted in 1 ml of acetone: ethyl acetate (60:40) containing 0.1 % BHT 
(butylated hydroxytoluene; an oxidant that prevents oxidation of carotenoids) under 
dim light conditions. Next, 0.8 ml of water was added and mixed gently followed by 
centrifugation for 5 minutes at 15,000 rpm at 4 oC to separate pigments in the ethyl 
acetate phase.  
The 20 μl of the upper phase (ethyl acetate phase containing carotenoids) was 
analysed by HPLC (Agilent 1260 Infinity) equipped with YMC-C30 (250 x 4.6 mm, 
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S-5 μm) column and Diode Array Detector (DAD). Individual carotenoids were 
separated using a reverse-phase gradient of methanol with 0.1 % (v/v) triethylamine 
(solvent A) and methyl tert-butyl ether (solvent B). The initial solvent composition 
was maintained at 85 % solvent A, and 15 % solvent B and reverse-phase solvent 
gradient started at 1.0 min, which was reached to 35 % of B at 11.0 min. The second 
gradient started at 11.1 min, and the ratio of B was increased to 65 % at 15.0 min. The 
ratio of B was increased to 100 % at 15.1 min and stabilised until 17.0 min. The 
solvent flow rate was maintained 1 ml/min until 17.0 min and, after which the solvent 
composition returned to 15 % of B and was subsequently equilibrated for 8 minutes 
with a flow rate of 2.0 ml/min.  
The DAD signals were recorded at 440 nm, and carotenoid species were 
identified by retention time, spectral structure and the ratios of maximum absorption 
peaks. The micrograms (µg) of carotenoids per gram fresh weight (gfw) was derived 
by integrating the peak area to a standard curve (described in Chapter 2), as 
previously described (Pogson et al., 1996). Slope values used for converting peak area 
into µg/gfw leaf tissue include; neoxanthin (8.787E-05), violaxanthin (7.986E-05), 
lutein (9.498E-05; also used for antheraxanthin and zeaxanthin), -carotene (9.22E-
05), chlorophyll b (2.849E-04) and chlorophyll a (2.74E-04). The proportions of 
individual carotenoids were presented as a percentage of total carotenoid content. The 
de-epoxidation of xanthophyll cycle pigments (violaxanthin; V, and antheraxanthin; 
A, to zeaxanthin; Z), was determined by the calculating the ratio (A + Z) / (V+A+Z), 
which is, herein, referred as the de-epoxidation state. 
3.2.3 Data analysis 
The experiment consisted of a factorial combination of temperature treatment, 
heatwave treatment, and leaf age cohort. The temperature treatment levels were 
ambient and warmed (+ 3 °C) and constituted the growth temperatures of the trees 
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before the imposition of the heatwave and not during the heatwave. The 4-day 
heatwave treatment levels were control (peak daily temperature of 28-29 °C) and 
heatwave (peak daily temperature of 43-44 °C) and were randomly assigned to trees 
of both the growth temperatures (control and warmed) (n = 3). The leaf-age cohorts 
were young and old. Three young leaves and three old leaves were sampled from each 
tree in each of the 12 WTCs and thus constituted sub-samples for each cohort and 
tree. Carotenoid and chlorophyll pigment data (μg/gfw) and proportions (%) were 
presented in terms of the treatment mean ± standard error (n = 3).  
The experimental design was a split-plot with temperature (1 degree of freedom; 
d.f.), and heatwave (1 d.f.) applied in factorial combination to individual tree 
chambers as the whole plot factor in a completely randomised design. Tree chamber 
constituted a random factor. Using analysis of variance (ANOVA), temperature and 
heatwave effects were tested against the whole-plot error term (Tree [temperature, 
heatwave], 8 d.f.). Leaf-age (young and old) constituted the nested sub-plot factor. 
The main effect of leaf age (1 d.f.) and interactive effects of leaf age with temperature 
(i.e. leaf age x temperature) and heatwave (i.e. leaf age x heatwave) treatments were 
analysed using the sub-plot error term (Tree x Leaf age [temperature, heatwave], 8 
d.f.). The Two-ANOVA with Holm-Sidak post-hoc comparison was performed to 
compare pigment content between and across the treatments. 
3.3 Results 
3.3.1 Leaf maturation and long-term warming does not affect zeaxanthin content 
or the xanthophyll de-epoxidation state 
I first assessed the impact and interaction of leaf aging (young and old) and 
long-term warming (+3oC) on carotenoid and chlorophyll content in leaves from trees 
grown in the WTCs. As expected, older leaves had a significantly higher level of both 
carotenoid and chlorophyll pigments compared to young leaves (Figure 3.1). 
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However, zeaxanthin content was similar in both young and old leaves, while the 
proportion was decreased in old leaves from both ambient and warmed treatments 
(Figure 3.1 C, F). In young leaves, long-term warming had no significant effect on the 
level of carotenoids except a marginal increase in neoxanthin proportion in both leaf 
types (Figure 3.1 L). In old leaves, warming increased both content and proportion of 
lutein and neoxanthin (Figure 3.1 G, J, I, L) and that of chlorophyll b (Figure 3.1 N), 
while other pigments remained unchanged. Also, the xanthophyll de-epoxidation state 
(DEPS) was unaffected by leaf age or long-term warming (Table 3.1). The significant 
increase in both carotenoid and chlorophyll content in old leaves was an obvious 
observation. However, there was no interactive response of leaf age and long-term-
warming, demonstrating a resilience of photosynthetic pigment pool in both young 
and old leaves in response to +3 oC warming (Table 3.1).  
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Figure 3.1 The effects of prolonged warming on carotenoid and chlorophyll content in 
Eucalyptus parramattensis leaves. 
The absolute content and proportion of carotenoids and chlorophylls in young and old leaves 
from the trees grown under ambient and warm (+3oC). Figures represent the data from an 
experiment on Eucalyptus trees grown in whole-tree chambers in the field. Plots represent 
sample means and error bars display standard error (n=3). Letter codes in the plots indicate 
the level of statistical variation (p<0.05) in the respective pigment within leaf types across the 
ambient and warmed temperature as determined by Two-Way ANOVA adopting Holm-Sidak 
post-hoc multiple comparisons. 
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3.3.2 Extreme heatwave enhanced zeaxanthin content and xanthophyll de-
epoxidation state 
Next, I examined carotenoid and chlorophyll contents in both young and old 
leaves from the E. parramattensis grown under ambient and warmed (+3 oC) 
conditions that were exposed to heatwave (>43 oC) for four consecutive days. 
Interestingly, the level of photosynthetic pigments in both young and old leaves 
displayed similar responses to heatwave (Figure 3.2 and 3.3). In both leaf types from 
both treatments (ambient and warming), the absolute content and proportion of 
zeaxanthin were increased in response to heatwave (Figure 3.2 C, F and Figure 3.3 C, 
F). The heatwave-induced increase in zeaxanthin content was not significant in old 
leaves from ambient plants (Figure 3.3 C, F), which could be an artefact occurred due 
to the differences in leaf-age and/or due to the change in xanthophyll cycle pigment 
during a more extended period of time taken for leaf sample collection and 
preservation in liquid nitrogen.  
There was significant enrichment in antheraxanthin content and proportion in 
heatwave exposed leaves (Figure 3.2 B, E and Figure 3.3 B, E). In the old leaves from 
warmed plants, violaxanthin content and proportion both were significantly decreased 
in response to heatwave with a corresponding increase in antheraxanthin and 
zeaxanthin content (Figure 3.3 A-F). The proportion, but not content, of lutein, β-
carotene, and neoxanthin were significantly reduced in response to the heatwave in 
young leaves from the warmed treatment (Figure 3.2 J, K, L). The reduction in both 
content and proportion of lutein, β-carotene, and neoxanthin was evident in heatwave 
exposed old leaves from the pre-warmed trees (Figure 3.3 G-L). Heatwave triggered 
the zeaxanthin enrichment (1.5 - 2.5 fold increase) in leaves from both ambient and 
warming treatments (Figure 3.2 C, F; Figure 3.3 C, F; and Figure 3.4 C, F) with the 
concurrent reduction in violaxanthin, which was more pronounced in leaves from 
prolonged warming history (Figure 3.2 A, D; Figure 3.3 A, D), that indicates a 
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possibility of heatwave-induced de-epoxidation of violaxanthin enriching zeaxanthin. 
Like prolonged warming, heatwave did not show interactive impacts on carotenoid or 
chlorophyll content in any leaf types (young or old) from any treatments (ambient or 
warming) (Table 3.1). Both chlorophyll a and b contents were unchanged in heatwave 
exposed leaves; however, chlorophyll a/b ratio was increased in old leaves from the 
warming treatment. Finally, I examined the xanthophyll de-epoxidation state in 
response to heatwave exposure in different leaf types from the trees grown under 
ambient and long-term warming environments. The de-epoxidation state was 
significantly enhanced by 1.2 to 1.4-fold during the heatwave (Table 3). These results 
demonstrated that heatwave exposure increased not only zeaxanthin content but also 
the xanthophyll de-epoxidation state during natural midday solar irradiation. 
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Figure 3.2 The effects of an extreme heatwave on carotenoid and chlorophyll content in the 
old leaves of Eucalyptus parramattensis. 
The absolute content and proportion of carotenoid and chlorophyll content in old leaves from 
the trees grown under ambient and warm (+3oC) exposed to an extreme heatwave (>43oC) for 
four consecutive days. Figures represent data from an experiment on Eucalyptus trees grown 
in whole-tree chambers in the field. Plots represent sample means and error bars display 
standard error (n=3). Letter codes in the plots indicate the level of statistical variation 
(p<0.05) in the respective pigment in old leaves from control and heatwave exposed plants 
grown in ambient and warmed temperature as determined by Two-Way ANOVA adopting 
Holm-Sidak post-hoc multiple comparisons. 
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Figure 3.3 The effects of an extreme heatwave on carotenoid and chlorophyll content in 
Eucalyptus parramattensis leaves. 
The absolute content and proportion of carotenoid and chlorophyll content in young leaves 
from the trees grown under ambient and warm (+3oC) temperature conditions exposed to an 
extreme heatwave (>43oC) for four consecutive days. Figures represent the data from an 
experiment on Eucalyptus trees grown in whole-tree chambers in the field. Plots represent 
sample means and error bars display standard error (n=3). Letter codes in the plots indicate 
the level of statistical variation (p<0.05) in the respective pigment in young leaves from 
control and heatwave exposed plants grown in ambient and warmed temperature as 
determined by Two-Way ANOVA adopting Holm-Sidak post-hoc multiple comparisons. 
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Figure 3.4 The effects of an extreme heatwave on carotenoid and chlorophyll content in 
Eucalyptus parramattensis leaves. 
A heatwave ratio (heatwave/control) was calculated for two leaf types (young and old) from 
trees grown under two temperature treatments (ambient and warm). Change in both content 
and proportions of respective pigments are presented. Figures represent data from an 
experiment on E. parramattensis trees grown in whole-tree chambers in the field. Plots 
represent sample means and error bars display standard error (n=3).  
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Table 3.1 Probability values for the effect of long-term warming and an extreme heatwave on carotenoid and chlorophyll content in young and old leaves of 
Eucalyptus parramattensis. 
Environmental interactions Neo Vio Ant Lut Zea β-car 
Tot 
Car DEPS Chl a Chl b 
Tot 
Chl 
Chl 
a/b 
Warming 0.277 0.573 0.669 0.270 0.324 0.975 0.975 0.201 0.346 0.536 0.352 0.387 
Heatwave 0.464 0.246 0.073 0.481 0.002 0.532 0.532 0.003 0.537 0.666 0.687 0.158 
Warming x Heatwave 0.291 0.771 0.858 0.272 0.663 0.230 0.230 0.680 0.846 0.278 0.658 0.336 
Leaf age 0.000 0.002 0.001 0.000 0.073 0.000 0.000 0.576 0.000 0.000 0.000 0.695 
Warming x Leaf age 0.345 0.808 0.512 0.081 0.787 0.988 0.988 0.973 0.869 0.496 0.884 0.148 
Heatwave x Leaf age 0.634 0.817 0.413 0.966 0.126 0.149 0.149 0.576 0.468 0.954 0.570 0.446 
Warming x Heatwave x Leaf age 0.759 0.227 0.695 0.777 0.506 0.887 0.887 0.318 0.779 0.612 0.685 0.526 
Notes: Neo; Neoxanthin, Vio; Violaxanthin, Ant; Antheraxanthin, Lut; Lutein, Zea; Zeaxanthin, β-car; β-carotene, Tot Car; Total carotenoids, DEPS; 
De-epoxidation state (Ant+Zea/Vio+Ant+Zea), Tot Chl; Total Chlorophylls. Statistical analysis by a split-plot ANOVA followed with post-hoc Tukey 
comparison. Significant (p<0.05) values are boldfaced. 
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3.4 Discussion 
The warmed ambient temperature scenarios predicted in the future could have 
species-specific impacts on the level of foliar carotenoid pigments in plants. The level 
of the foliar carotenoid pool can vary as of the developmental state and functional 
integrity of leaves, for example, the level of the photosynthetic pigment pool was 
significantly higher in young leaves compared to the old leaves of Arabidopsis 
(Stessman et al., 2002; Dhami et al., 2018). Contrasting to Arabidopsis, the 
significantly higher level of carotenoid and chlorophyll pigments in the old leaves of 
E. parramattensis (Figure 3.1, Table 1) was consistent with a previous report 
revealing an increase in chlorophyll content during the aging of foliar tissues in 
Eucalyptus species (Datt, 1998). 
In plants, multiple short-term exposures to high temperature can be beneficial to 
enhance thermal tolerance against subsequent high-temperature events. For example, 
multiple encounters to higher temperature increased cellular antioxidant capacity in 
wheat leaves and, therefore, plants became more tolerant to subsequent severe heat 
stress demonstrating heat-stress priming of thermal tolerance (Wang et al., 2014). It 
was previously observed that the level of photosynthetic pigments did not change in 
response to short-term heat treatment (Buchner et al., 2015). However, prolonged and 
higher fluctuations in air temperature can influence photosynthetic pigment 
metabolism in leaves, thereby facilitating thermal acclimation of pigment pools 
(Lawanson et al., 1978; Tran and Raymundo, 1999; Logan et al., 2010). The fact that 
the prolonged warming (+3 oC) did not significantly affect carotenoid, or chlorophyll 
content in E. parramattensis leaves (Table 1) was consistent with Drake et al., (2018) 
in that the leaf physiological parameters such as dark-adapted variable fluorescence 
relative to maximal fluorescence (Fv/Fm), and net photosynthesis were unaffected by 
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+3 °C warming. Therefore, prolonged warming by +3 °C appears unlikely to affect 
carotenoid accumulation in E. parramattensis leaves. 
In E. parramattensis, extreme heatwave (>43oC peak temperature) exposure for 
four consecutive days did not cause crown damage or growth reductions, although 
there were some leaf browning symptoms that affected about 1.1 % of the leaf area of 
heatwave exposed trees compared with 0.3 % for control trees (Drake et al., 2018). 
Heatwave reduced the midday crown net photosynthesis to approximately zero, yet 
transpiration persisted, thereby maintaining canopy cooling and leaf thermal tolerance 
within the limits of leaf function (Drake et al., 2018). In addition, the significant 
increase in the zeaxanthin content and xanthophyll de-epoxidation state in Eucalyptus 
foliar tissues in response to the 4-day prolonged heatwave event (Table 3.1) 
implicates a role of xanthophyll de-epoxidation facilitating thermal tolerance in 
leaves. This is supported by a significant increase in zeaxanthin and antheraxanthin 
content, coupled with a decrease in violaxanthin composition (Figure 3.2, 3.3). In 
concert, heat stress triggered de-epoxidation leading to the zeaxanthin enrichment in 
trees and shrubs such as Quercus pubescens (Haldimann et al., 2008), Buxus 
sempervirens (Hormaetxe et al., 2007), and Rhododendron ferrugineum, Senecio 
incanus and Ranunculus glacialis (Buchner et al., 2015). Also, zeaxanthin enrichment 
was evident in response to heat stress in Zea mays (Lawanson et al., 1978), Solanum 
tuberosum (Havaux et al., 1996), Arabidopsis thaliana (Davison et al., 2002), and 
Oryza sativa (Yin et al., 2010), which implicates xanthophyll de-epoxidation a pivotal 
strategy to cope with high temperature stress. The Eucalyptus trees subjected to four 
days of an extreme heatwave may have benefited from the enhanced xanthophyll de-
epoxidation state by neutralising both heat and light-induced oxidative stress in 
chloroplasts. Nevertheless, pre-warming (+3 °C) did not affect the xanthophyll pool, 
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neither improved the heat stress acclimation response in leaves from the trees 
subjected to a heatwave. 
There are strong connections between the photoprotection of photosystems, 
particularly PSII, and high irradiation-induced acidification of thylakoid lumen that 
stabilises thylakoid membrane and PSII reaction centres (Kirchhoff et al., 2011; 
Tikhonov, 2013). It is reported that the acidification of the thylakoid lumen can 
activate violaxanthin de-epoxidase, and, hence, the xanthophyll cycle (Havaux and 
Niyogi, 1999). The enhanced xanthophyll de-epoxidation state appears to be one 
important factor contributing to neutralise the light and heat-induced oxidative stress 
in Eucalyptus leaves during heatwave exposure. Different ROS scavenging 
mechanisms are likely to exist maintaining leaf physiology during heat stress, 
however, higher zeaxanthin levels could help to protect the thylakoid membranes 
from lipid peroxidation, as zeaxanthin can act as a free compound in the thylakoids 
attenuating oxidative stress (Havaux et al., 2007) or bound to LHC proteins (Niyogi, 
1999). The heatwave not only affected the composition of xanthophyll cycle pigments 
(zeaxanthin, violaxanthin and antheraxanthin) but also slightly reduced neoxanthin, 
lutein and -carotene. The reduction in the level of -carotene can support enhanced 
hydroxylation to enrich zeaxanthin, as only the reduction in violaxanthin due to de-
epoxidation cannot account for the higher level of zeaxanthin and antheraxanthin 
accumulation. Alternatively, heat stress could have enhanced the oxidation of foliar 
carotenoids leading to the production of apocarotenoids, the signalling molecules, 
regulating heat stress responses, which needs further exploration. The zeaxanthin 
enrichment, however, could be the key strategy to protect thylakoid membrane 
integrity and chloroplasts functions during an extreme heatwave event.  
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The intensity of light and temperature can have interactive effects in 
maintaining photo-protection and thermal acclimation (Yin et al., 2010). Higher light 
intensity can induce de-epoxidation of violaxanthin, leading to a reduction in 
violaxanthin content (Niyogi, 1999). For example, xanthophyll de-epoxidation 
activity was reported to be higher in Rannunculus glacialis leaves subjected to 38 °C 
temperatures under intense irradiation (Streb et al., 2003). In our experiment, the 
higher xanthophyll de-epoxidation state exemplified by the accumulation of both 
antheraxanthin and zeaxanthin in Eucalyptus leaves occurred under normal solar 
irradiance, highlighting that a heat stress event can induce changes in the xanthophyll 
cycle. Our findings are in concert with previous results where rice (Yin et al., 2010) 
and Eucalyptus (Roden and Ball, 1996; Logan et al., 2010) grown under controlled 
lighting environments with additional heat stress enhanced the xanthophyll de-
epoxidation state. The xanthophyll cycle has been reported to be activated upon heat 
stress in the dark conditions, although to a much lesser extent (Fernandez-Marin et al., 
2010; Fernandez-Marin et al., 2011). Likewise, the de-epoxidation of violaxanthin can 
be induced in response to heat stress event under lower irradiation, which was evident 
in wheat seedlings (Ilik et al., 2010). The increased xanthophyll de-epoxidation 
leading to a higher accumulation of zeaxanthin (Figure 3.5) appears to be the 
widespread mechanism by which leaves from the trees exposed to heat-stress events 
can protect their photosynthetic apparatus. The accumulation of zeaxanthin as a free 
compound in thylakoids could serve a double role as an antioxidant and thermal 
stabiliser of membranes, thereby facilitating leaf thermal acclimation during heatwave 
events.  
In summary, four consecutive days of extreme heatwave event applied to 
Eucalyptus trees in the field, in WTCs under full-sun conditions, enhanced 
xanthophyll de-epoxidation, therefore, increased zeaxanthin accumulation in both 
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young and mature leaves (Figure 3.5). Eucalyptus trees grown under warmed (+3 oC) 
conditions did not significantly affect the photosynthetic pigment pool, and neither 
affected the carotenoid levels in response to the heatwave event. An extreme 
heatwave can enhance zeaxanthin content by rapid de-epoxidation of violaxanthin and 
antheraxanthin and/or hydroxylation of β-carotene protecting chloroplasts and leaf 
functions. Eucalyptus leaves appear well adapted to utilise carotenoid-dependent 
photoprotective and antioxidant strategies to withstand high-intensity heatwaves 
expected in future climate scenarios. 
 
 
Figure 3.5 A simplified scheme illustrating the de-epoxidation of violaxanthin and 
antheraxanthin enriching zeaxanthin in Eucalyptus leaves during the heatwave exposure.  
White arrows indicate the direction of carotenogenesis under ambient conditions. A higher 
xanthophyll de-epoxidation state induced by a continuous heatwave (orange arrows) can help 
to dissipate excess electrons to minimise photoinhibition and prevent photo-oxidation in field 
trees exposed to sunlight. Zeaxanthin accumulates to the greatest extent during a heatwave as 
indicated by boldfaced fonts. 
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Short-term exposure to cold decreases carotenoid content in 
young leaves of Arabidopsis 
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Abstract  
Cold affect plant development and performance, both positively and negatively, 
in a genotype-specific manner. Winter annual plants like Arabidopsis require a 
prolonged cold exposure (> 4 weeks) to facilitate flowering in early spring, an 
epigenetic process called vernalization. Severe cold exposure (<10 oC) increases 
oxidative stress with the concomitant reduction in meristem activity, cell cycle 
progression, and photosynthesis that eventually regulates the developmental progress 
in plants. Carotenoids are the vital antioxidants and precursors for the biosynthesis of 
phytohormones, abscisic acid and strigolactones, that are involved in cold-stress 
signalling and plant acclimation responses. Despite considerable knowledge regarding 
the cold stress responses of plants, the impact of short- and long-term cold exposure 
on carotenogenesis during leaf development remains unclear. Here, I demonstrate 
how short and prolonged cold exposure (7-10 oC) affects carotenoid content in young 
(rapidly expanding) and old (mature) leaf types from Arabidopsis. In young leaves, 
short-term exposure to cold decreased the level of all foliar carotenoids, whereas that 
of old leaves was unchanged. Likewise, chlorophyll content decreased substantially in 
young leaves, but not old leaves, upon cold exposure. In contrast, the young leaves 
emerged during cold exposure retained a significantly higher level of carotenoid and 
chlorophyll compared to the respective old leaves, the trend was similar as in the 
plants grown under ambient growth condition. The level of photosynthetic pigment 
content in young leaves was highly responsive to a sudden drop in temperature. I 
reason that the developmental state of chloroplasts can determine the degree of 
plasticity; hence, young leaves can be more plastic to enable rapid changes in pigment 
composition in response to a short and severe cold exposure.  
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4.1 Introduction  
The low-temperature conditions (cold) can influence plant functions at the 
cellular and physiological level, hence affect both developmental programming and 
performance (Chinnusamy et al., 2007; Wingler and Hennessy, 2016). Although there 
is no clear demarcation on the temperature range defining cold, for experimental 
convenience, cold conditions can be roughly categorised as moderate cold (10-15 oC), 
severe cold (5-10 oC), freezing cold (0-5 oC), and extreme cold (<0 oC) that impose 
different effects on the plant response. Usually, low temperatures (<5 oC) can cease 
cell cycle progression (Rymen et al., 2007) and apical meristem activity (de Jonge et 
al., 2016), thereby delaying plant development in roots (Schenker et al., 2014) and 
leaves (Nagelmuller et al., 2016). Extreme cold (below 0 oC) can disrupt both 
structure and function of cells, such as freezing-induced dehydration, which often 
results in osmotic dysfunction and physical injury to the plasma membrane (Uemura 
et al., 2006). The level of cold stress tolerance is determined by several biophysical 
and biochemical adaptive measures in plants that vary in a species-specific manner 
(Korner, 2016; Wisniewski et al., 2018). In many winter annual plants, cold exposure 
is a requirement to accomplish various biological processes. For example, the cold 
(~4 oC) exposure of young seedlings for 4-6 weeks is essential to trigger early spring 
flowering in winter-annual accessions of Arabidopsis, an epigenetically regulated 
phenomenon called vernalisation (Michaels et al., 2004). The severity of cold-induced 
impacts, however, depends on the degree of coldness, the duration of cold exposure, 
and the cold tolerance of plants. 
Leaves can alter physiological processes instantly in response to the temperature 
fluctuations; therefore, inducing a wide array of changes at both molecular and 
biochemical level (Seo et al., 2009; Janska et al., 2010; Knight and Knight, 2012). A 
non-freezing cold such as 5-10 oC (chilling) reduces the rate of photosynthesis (Allen 
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and Ort, 2001; Savitch et al., 2001; Paredes and Quiles, 2015). Cold exposure 
immediately triggers soluble sugar accumulation, which regulates membrane fluidity 
and stabilises the cellular functions (Wanner and Junttila, 1999; Nagele et al., 2012; 
Tarkowski and Van den Ende, 2015). Exogenous application of abscisic acid 
demonstrated promising effects improving cold tolerance in many plants such as 
Arabidopsis (Lang et al., 1994), rice seedlings (Shinkawa et al., 2013), and chickpea 
(Bakht et al., 2013). The concurrent increase in the level of sucrose and abscisic acid 
in leaves enable plant tolerance against cold. However, an increase in the level of 
soluble sugars can negatively impact carotenogenesis, which has been evident from 
the reduction in both carotenoid and chlorophyll content in spinach(Krapp et al., 
1991) and tomato (Mortain-Bertrand et al., 2008) leaves grown with an external 
application of glucose. Also, cold exposure increases oxidative stress, particularly 
enhancing hydrogen peroxide (H2O2) accumulation and lipid peroxidation (Zhou et 
al., 2006; Abdel Kader et al., 2018). Carotenoids and other antioxidant metabolites 
such as anthocyanins can help to neutralise cold-induced oxidative stressors (Harvaux 
and Kloppstech, 2001); however, the regulation of carotenogenesis during cold 
exposure is poorly studied. 
Cold exposure can affect carotenoid composition in plants. In maize, cold 
exposure (10/8 oC) decreased the β-carotene with the corresponding increase in the 
level of xanthophyll cycle carotenoids, whereas lutein and neoxanthin content was 
unchanged (Haldimann, 1997). Cold exposure triggers the de-epoxidation of 
violaxanthin, leading to an increase in zeaxanthin in chilling-sensitive genotypes of 
maize, whereas chilling tolerant genotypes accumulate a high level of violaxanthin 
(Haldimann, 1997; Haldimann, 1999). In kale and spinach leaves, lutein content 
decreased, and β-carotene increased, when exposed to a 10 oC growth environment 
(Lefsrud et al., 2005). Also, an increase in lutein content by overexpressing 
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LYCOPENE EPSILON CYCLASE (LCYE) was correlated with the higher activities of 
superoxide dismutase and peroxidase and less H2O2 production and malondialdehyde 
(MDA) ameliorating the chilling-induced oxidative stress in Arabidopsis leaves (Song 
et al., 2016). Previous research has revealed the variable impacts of cold exposure on 
individual carotenoids, which needs in-depth studies to inculcate the prevailing 
uncertainties. 
Under high light intensity, Arabidopsis leaves from WT and npq1 mutants 
exposed to 10 oC for 5-10 days showed an increase in xanthophyll content, while β-
carotene content was unchanged (Harvaux and Kloppstech, 2001). The npq1 mutants 
lack violaxanthin de-epoxidase activity; therefore, disrupted non-photochemical 
quenching (NPQ) and are highly sensitive to photoinhibition. However, both WT and 
npq1 mutant can acclimate prolonged exposure to cold (10-12 days) independent of 
the xanthophyll cycle (Harvaux and Kloppstech, 2001). The enhanced cold tolerance 
can be attributable to the increased level of carotenoids. However, the impact of short 
and prolonged cold exposure on carotenoid content and composition is unclear. Here, 
I demonstrate that short, but not long-term, cold exposure affects carotenoid content 
and relative proportions in younger leaves of Arabidopsis. Young expanding leaves 
undergoing rapid cell and plastid division have greater plasticity to modify 
photosynthetic pigment content in response to short-term cold exposure. 
4.2 Materials and methods 
4.2.1 Germplasm and plant growth conditions 
The A. thaliana (ecotype Col-0) and crtiso (ccr2) (Park et al., 2002) in Col-0 
background have used this study. The Climatron Star700 growth cabinets 
(Thermoline Scientific, Australia)  and/or walk-in plant growth facility were used to 
grow plants under controlled environmental conditions. Arabidopsis seeds were sown 
on moistened soil (Debco Seed Raising and Superior germinating mix, Scotts 
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Australia) provided with 3 % Osmocote, a slow-releasing fertiliser supplement, 
(Garden City Plastics Australia) using 30- or 20-Cell Kwikpot trays (Garden City 
Plastics, Australia). Arabidopsis seeds were stratified for three days at 4 oC in the dark 
condition before transferring to the standard growth conditions. The photoperiod, light 
intensity, and temperature conditions were 16/8 h (light/dark), 130-150 µmol m-2 sec-1 
(cool fluorescent lamps) and 22/18 oC (day/night), respectively, except when stated 
otherwise. The Arabidopsis plants were thinned after one week of germination, and a 
single healthy plant was maintained in each cell. Plants were watered as required, 
usually once a week; however, all trays were uniformly watered two days before leaf 
sample collection for carotenoid measurement. Arabidopsis trays were rotated 
frequently to minimise the position effect. Arabidopsis seedlings were exposed to 
non-freezing cold (10/7 oC day/night) for prolonged exposure or 7 oC with continuous 
light for short-term exposure, both at the normal light intensity (130-150 µmol m-2 
sec-1). For prolonged cold exposure, juvenile seedlings (7 DAS) were transferred to 
cold and kept for 3-5 weeks, and leaf tissues were collected as required. Each 
experiment was repeated at least twice to minimise the experimental variation, except 
as stated otherwise. 
4.2.2 Carotenoid measurement  
The young and old leaf tissues (20-50 mg/sample) were collected during the 
middle of the photoperiod (within 7-9 h of illumination) or as indicated, and at least 
four biological replicates were maintained for each sample. Leaf tissues were snap-
frozen in liquid nitrogen and stored in -80 oC until pigment extraction. For pigment 
extraction, frozen plant tissues were milled in TissueLyser® (QIAGEN) for two 
minutes at 20 Hz speed using stainless steel beads (~3 mm in diameter) in 2 ml clear 
microtubes. The finely powdered leaf tissues were extracted with 1 ml extraction 
buffer containing acetone and ethyl acetate (60:40 v/v) with 0.1 % butylated 
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hydroxytoluene (BHT, w/v). Extraction mixture was vortexed for a minute, and 0.8 
ml milliQ water was added to separate the pigments by phase separation. The 
microtubes were gently inverted for three times avoiding vigorous shaking and 
centrifuged at 15000 rpm for 5 minutes at 4 oC. The upper pigmented ethyl acetate 
phase was collected in a new microtube and centrifuged for five minutes, as before. 
The 200 μl supernatant was then collected in a clean vial and stored at 4 oC until 
analysed by HPLC. 
The 20 μl of the freshly prepared ethyl acetate extracts were analysed using 
HPLC (Agilent 1260 Infinity) equipped with YMC-C30 (250 x 4.6 mm, S-5 μm) 
column and Diode Array Detector (DAD) detector. A 35-minute reverse phase HPLC 
method was used to separate carotenoids, according to Alba et al. (2005) with minor 
modifications. In brief, the initial five-minute isocratic run of 100 % solvent A 
(methanol: triethylamine, 1000:1 v/v) was followed by a 20-minute ramp to 100 % 
solvent B (methyl tert-butyl ether) and a two-minute isocratic run of 100 % solvent B 
afterwards. All three steps were maintained at the solvent flow rate of 1 ml/minute. 
Finally, the column was equilibrated for 8-minutes using 100 % solvent A at the flow 
rate of 1.5 ml/minute. The other conditions were as explained in Dhami et al. (2018). 
In brief, the column temperature was maintained at 23 oC, and autosampler 
temperature was set to 7 oC, illumination was turned off, and the 50 μl extract loaded 
inserts were kept in brown vials. The DAD signals were recorded at 440 nm, and 
individual pigments were identified by comparing retention time and absorption 
spectra with the published literature. The pigment concentration was calculated in 
terms of microgram per gram fresh weight of tissue (µg/gfw) by integrating peak area 
with the standard curve as described in previous chapters (Chapter 2) in agreeance of 
Pogson et al. (1996) and Cuttriss et al. (2007). 
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4.2.3 Data analysis and illustrations 
The means of dependent variables were compared within the treatment groups 
and across the genotypes. Two-Way ANOVA was used to assess the impact of cold 
treatment on the level of foliar carotenoids. The Holm-Sidak post-hoc multiple 
comparisons were performed to determine the interaction within and across the test 
groups in response to the treatment levels. Data processing and analyses were 
performed using MS Excel and Sigmaplot14. 
4.3 Results 
4.3.1 Foliar carotenoid profile remains unchanged in prolonged cold exposed 
leaves 
In chapter 2, I demonstrated that both carotenoid and chlorophyll contents were 
significantly higher in young leaves and were further increased by growing plants 
under elevated CO2. Here, firstly, I assessed if a prolonged exposure of Arabidopsis 
seedlings to a non-freezing cold (10/7 oC, day/night) would affect carotenoid content 
and composition in recently emerged leaves. Arabidopsis seedlings grown under 
normal growth conditions (long photoperiod 16/8 h day/night length, 22/18 oC 
day/night temperature, and 130-150 µmol m-2 sec-1 light intensity, and 60 % relative 
humidity) were transferred to cold for four weeks (10/7 oC day/night temperature with 
other conditions unchanged) on the 7th day after stratification. As the WT leaves do 
not accumulate antheraxanthin and zeaxanthin in a detectable amount under normal 
growth conditions, I used the crtiso mutant, which has an altered carotenoid profile 
and can accumulate all major foliar carotenoids, including antheraxanthin and 
zeaxanthin. In addition, crtiso leaves accumulate cis-carotenes when grown under an 
extended period of darkness (i.e. shorter photoperiod) and display alterations in 
chloroplast development (Cazzonelli et al., 2019), hence, crtiso was used to assess 
impacts of the cold exposure on foliar carotenoids.  
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Under long photoperiod and 22 oC temperature, Arabidopsis plants began to 
bolt 4 weeks after stratification, whereas plants exposed to the cold for four weeks 
showed a delay in development yet bolted approximately three weeks after removal 
from the cold. As the level of foliar carotenoids vary in a leaf-age dependent manner 
(Chapter 1), comparing leaf tissues from 5-week old plants exposed to cold conditions 
for four consecutive weeks with leaves from plants grown under normal growth 
conditions (22/18 oC, day/night) was not justifiable to discern the real effects of 
prolonged cold on the level of carotenoids. Therefore, as a reference, carotenoid 
profiles were quantified in young and old rosette leaves from the 3-week-old plants 
before the onset of bolting (Figure 4.1). The reference plants grown at ambient 
temperature were of a similar developmental stage, based on the number of leaves (9-
11 leaves), to that of the prolonged cold treated plants (Figure 4.1); therefore, 
rationally comparable. 
 
Figure 4.1 Arabidopsis plants grown under ambient and prolonged cold conditions. 
A) Three-week-old plants grown under 22/18 oC day/night temperature. B) Prolonged (four 
weeks) cold (10/7 oC day/night) exposed plants. Other growth conditions were similar for 
both sets of plants such as long photoperiod (16/8 h light/dark), 60 % humidity, and 130-150 
µmol m-2 sec-1 light intensity. For cold treatment, 1-week old (7 days after stratification) 
seedlings were transferred to cold conditions. 
In concert with the previous findings (Chapter 1), the level of foliar carotenoids 
except for neoxanthin was significantly higher in young leaves compared to that of 
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old leaves from WT grown under ambient growth conditions (Figure 4.2 A-E). Unlike 
other carotenoids, a similar level of neoxanthin content in young and old leaves of 
WT was surprising. The proportions of lutein, violaxanthin, and antheraxanthin were 
significantly higher (Figure 4.2 G, I, K), but that of β-carotene and neoxanthin was 
lower in young leaves (Figure 4.2 H, J,). Zeaxanthin was absent in either of the leaf 
types from WT. In crtiso mutant leaves, lutein content was decreased (Figure 4.2 A), 
while the level of violaxanthin, antheraxanthin, and zeaxanthin content were increased 
in both leaf types, compared to WT (Figure 4.2 C, E, F). The level of neoxanthin 
remained unchanged in both leaf types of both WT and crtiso (Figure 4.2 D). Unlike 
the substantially lower level of foliar carotenoids in older leaves from WT, the decline 
in carotenoids during leaf aging was less apparent for some carotenoids in crtiso 
mutant leaves. For example, lutein, violaxanthin, and neoxanthin content was similar 
in both young and old leaves (Figure 4.2 A, C, D), whereas the level of 
antheraxanthin and zeaxanthin was higher in young leaves (Figure 4.2 E, F) and β-
carotene content was higher in old leaves (Figure 4.2 B). The relative proportions of 
individual carotenoids were also altered in crtiso leaves, such as the lutein proportion 
was reduced to 13-20 % compared to 50-55 % in WT (Figure 4.2 G). The proportion 
of β-carotene, violaxanthin, and antheraxanthin was remarkably increased in both leaf 
types of crtiso (Figure 4.2 H, I, K), whereas neoxanthin proportion was unchanged 
(Figure 4.2 J) compared to WT.  
Unlike WT, lutein proportion was decreased in young leaves of crtiso compared 
to old leaves (Figure 4.2 G). The proportions of β-carotene, violaxanthin, and 
neoxanthin were higher in old leaves (Figure 4.2 H-J). The antheraxanthin and 
zeaxanthin proportions were increased in young leaves compared to old leaves 
(Figure 4.2 K, L). The altered content and proportion of α- and β-carotenoids in both 
young and old leaves of crtiso implicate a crucial role for CRTISO in regulating 
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carotenoid biosynthetic pathway flux between the α- and β-branches. The leaf-age 
associated variation in some carotenoids, but not others, and altered effects on their 
composition indicate that the loss-in CRTISO function can perturb carotenogenesis 
and/or plastid development in young leaves. Chapter 5 elaborates the possible 
mechanisms of leaf-age dependent variation in the foliar carotenoid and chlorophyll 
content. 
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Figure 4.2 Foliar carotenoid content and composition in Arabidopsis grown under normal 
growth conditions.  
A) Lutein content, B) β-carotene content, C) Violaxanthin content, D) Neoxanthin content, E) 
Antheraxanthin content, F) Zeaxanthin content, G) Lutein proportion, H) β-carotene 
proportion, I) Violaxanthin proportion, J) Neoxanthin proportion, K) Antheraxanthin 
proportion, and L) Zeaxanthin proportion. Arabidopsis plants were grown under normal 
growth conditions (long photoperiod (16/8 h day/night), 22/18oC day/night temperature, and 
130-150 µmol m-2 sec-1 light intensity). Foliar carotenoids were measured in the tissues from 
young and old leaves of 3-week old plants. Individual carotenoid proportions are percentages 
of the total carotenoid content. Plots represent the mean values with the standard error of 
means (n=5). Letter codes in plots indicate the level of statistical variation (p<0.05) in 
carotenoid content within leaf types across the genotypes as determined by the Two-Way 
ANOVA with Holm-Sidak post-hoc multiple comparisons. WT, wild type; crtiso is a mutant 
in CAROTENOID ISOMERASE. 
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To discern if long-term cold exposure affected carotenogenesis in different aged 
leaf types, I compared absolute quantity and proportions of foliar carotenoids in both 
young and old leaves from WT and crtiso plants that were exposed to prolonged cold 
(10/7 oC day/night) for 4-weeks. As described above, it was difficult to establish 
appropriate control set of plants under ambient temperatures due to the delay in 
growth during cold exposure. Also, there was significant experimental variation in 
foliar pigment content among the leaves of different age. Therefore, the foliar 
carotenoid contents and proportions in the cold-exposed plants are discussed 
independently (Figure 4.3) and correlating with the general trend of foliar pigments 
from leaves from plants grown under ambient growth conditions (Figure 4.2). 
The level of all foliar carotenoids in the cold-exposed (4-week long cold) WT 
plants was significantly higher in young leaves compared to old leaves, whereas 
antheraxanthin and zeaxanthin were not detected (Figure 4.3 A-D). The proportion of 
lutein was higher, whereas that of β-carotene and neoxanthin was lower in young 
leaves compared to old leaves (Figure 4.3 G, H, J). Interestingly, the violaxanthin 
proportion was similar in both young and old leaves (Figure 4.3 I), unlike the plants 
grown under ambient temperature (Figure 4.2 I). As revealed previously (Park et al., 
2002), the level of lutein and neoxanthin was significantly reduced, whereas that of 
xanthophyll cycle carotenoids (violaxanthin, antheraxanthin, and zeaxanthin) 
increased substantially in both leaf types of crtiso, compared to WT (Figure 4.2 A-F). 
There was a significant reduction in β-carotene content in young leaves compared to 
the young leaves of WT, whereas that in old leaves was similar to WT. Unlike WT, 
lutein, β-carotene, and violaxanthin contents were similar in both young and old 
leaves (Figure 4.3 A-C), whereas antheraxanthin and zeaxanthin contents were 
significantly higher and that of neoxanthin was lower in young leaves from the cold-
exposed crtiso plants (Figure 4.2 D-F). The proportion of individual carotenoids 
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relative to the total carotenoid content was typically different in crtiso compared to 
WT. As expected, the lutein proportion was substantially reduced and was similar in 
both young and old leaves (Figure 4.3 G). The proportions of β-carotene and 
violaxanthin were increased in both leaf types of crtiso compared to WT (Figure 4.3 
H, I). Neoxanthin proportion was reduced in young leaves of crtiso, whereas it was 
similar to WT in old leaves (Figure 4.3 J). In both crtiso and WT, there was an 
apparent variability in absolute quantity with subtle differences in relative proportions 
of carotenoids between the leaves from cold-exposed and ambient temperature grown 
plants (compare Figure 4.2 and 4.3). In cold-exposed plants, lutein proportion was 
significantly higher in old leaves from the crtiso plants grown under normal 
temperature, whereas it was similar in both leaf types in the cold treated plants 
(Compare Figure 4.2 G and Figure 4.3 G). Likewise, violaxanthin proportion was 
significantly higher in the young leaves of ambient temperature grown crtiso plants, 
whereas the trend was reversed in cold-treated plants (compare Figure 4.2 I and 
Figure 4.3 I). In WT, violaxanthin proportion was significantly higher in young leaves 
from the plants grown under normal temperature, whereas it was similar in both leaf 
types from the cold-treated plants (compare Figure 4.2 I and Figure 4.3 I).  
The one-to-one comparison of the individual carotenoid proportions between 
control (normal temperature) and cold exposed WT plants indicates an increase in 
neoxanthin proportion in both leaf types from the cold-treated plants (compare Figure 
4.2 J and Figure 4.3 J). The increase in neoxanthin proportion might be utilised to 
support abscisic acid production during cold exposure. However, the decrease in 
neoxanthin proportion in the young leaves of cold exposed crtiso (compare Figure 4.2 
J and Figure 4.3 J) was contrasting to the cold-induced increase in neoxanthin 
proportion in WT. An increase in violaxanthin proportion in old leaves and 
antheraxanthin in cold exposed crtiso plants (compare Figure 4.2 I, K and Figure 4.3 
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I, K) indicates the increased flux towards violaxanthin biosynthesis plausibly to 
enhance abscisic acid in the downstream.  
As highlighted earlier, the apparent variability in absolute quantity and 
proportion may be due to an experimental anomaly during plant growth or carotenoid 
extraction and quantification. However, the general trend of absolute quantity and 
proportions in young and old leaves was similar in both experiments. Like the normal 
temperature-grown plants, the substantially higher level of carotenoid content in 
young leaves compared to the old leaves of the prolonged cold-exposed plants 
(compare Figure 4.2 and Figure 4.3) demonstrates that prolonged cold exposure can 
enable the acclimation of leaves and negate any changes in pigment composition. 
Therefore, prolonged cold exposure did not appear to significantly affect carotenoid 
content or composition in young or old leaf types.  
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Figure 4.3 Foliar carotenoid content and composition in prolong cold exposed plants. 
A) Lutein content, B) β-carotene content, C) Violaxanthin content, D) Neoxanthin content, E) 
Antheraxanthin content, F) Zeaxanthin content, G) Lutein proportion, H) β-carotene 
proportion, I) Violaxanthin proportion, J) Neoxanthin proportion, K) Antheraxanthin 
proportion, and L) Zeaxanthin proportion. One-week old seedlings grown under long 
photoperiod (16/8 h day/night) and 22oC temperature were transferred to cold (10/7 oC 
day/night) same long photoperiod.  Carotenoids were measured in young and old leaves from 
4-week long cold exposure. Individual carotenoid proportions are percentages of the total 
carotenoid content. Plots represent the mean values with the standard error of means (n=5). 
Letter codes in plots indicate the level of statistical variation (p<0.05) in carotenoid content 
within leaf types across the genotypes as determined by Two-Way ANOVA with Holm-Sidak 
post-hoc multiple comparisons. WT, wild type; crtiso is mutant in CAROTENOID 
ISOMERASE. 
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4.3.2 Shorter exposure to cold decreased foliar carotenoid content in young 
leaves 
The effect of sudden and short-term exposure to a severe, but non-freezing, low 
temperature on carotenogenesis during leaf development has yet to be reported. Here, 
I assessed if a sudden exposure to a short-term cold (10 oC / 7 oC, day/night) affected 
the carotenoid content and relative proportions in the recently emerged young leaves 
of Arabidopsis. Firstly, Arabidopsis plants were grown under normal growth 
conditions (22 oC/18 oC day/night, long photoperiod (16/8 h, day/night) for 14 days 
after stratification (DAS), and subsequently transferred to cold (10 oC/7 oC)for 5-days. 
All other growth conditions were similar to the normal growth conditions, except for 
the low temperature. The foliar carotenoids were measured in the leaf tissues 
collected from young leaf#3 at five different time points such as on the 14th day 
(before transferring to cold) (Day0), after 24 h (Day1) and 5-days (Day 5) of cold 
exposure, and 24 h (rDay1) and 5-days (rDay5) after recovery from the cold. Leaf 
samples thus collected represent the leaf aging as the 3rd leaves on 14 DAS were 4-5 
days old after emergence (Day0 samples), and rDay5 leaves were 11 days older than 
Day0 leaves; therefore, can manifest the effect of both cold exposure and leaf aging. 
The carotenoid content and relative proportions both changed as the leaf aging 
progress and in response to a sudden decrease in temperature. In control plants, as the 
leaf-age increased, the level of all carotenoids was significantly decreased in leaf 
samples collected on the 6th and 11th day (rDay1 and rDay5) 11th compared to that of 
the 1st day (Day0) (Figure 4.4 A, C, E, D). Interestingly, the level of all carotenoids 
was significantly decreased within 24 h of cold exposure and remained unchanged 
afterwards, until the fifth day of recovery, except a significant increase in β-carotene 
(Figure 4.4 A, C, E, G). The β-carotene content was increased after recovery from 
cold (Figure 4.4 C). The relative proportion of lutein was increased after cold 
exposure, which was decreased after recovery (rDay1 and 5). In contrast, proportions 
113 
 
of β-branch carotenoids, particularly β-carotene and neoxanthin were decreased after 
cold for 5-days. On day 5, the β-carotene proportion was significantly increased in 
control leaves compared to the day0 or day1 leaves, whereas that of cold exposed 
leaves was decreased. After recovery from the cold, the β-carotene proportion was 
gradually increased and become equivalent to that of leaves from the control plants on 
the 5th day of recovery (Figure 4.4 D). Likewise, violaxanthin proportion was 
decreased after 24 h cold exposure; however, increased to the level of control leaves 
after 5 days cold exposure and recovery (Figure 4.4 F). The significant increase in the 
relative proportion of lutein after cold exposure, which was pronounced on the 5th day 
of cold treatment, with the simultaneous decrease in the proportion of β-carotene 
implicates the changes in pathway flux during the cold exposure. Collectively, cold 
treatment triggered the reduction in the level of all foliar carotenoids and altered the 
relative proportions demonstrating a pronounced impact on carotenogenesis.  
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Figure 4.4 Foliar carotenoid content and composition in leaves exposed to short-term non-
freezing cold.  
A) Lutein content, B) Lutein proportion, C) β-Carotene content, D) β-Carotene proportion, E) 
Violaxanthin content, F) Violaxanthin proportion, G) Neoxanthin content, H) Neoxanthin 
proportion. Arabidopsis plants were grown under normal growth conditions (22/18 oC 
day/night, long photoperiod (16/8 h, day/night) for 14 days before cold exposure. Individual 
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carotenoid proportions are percentages of total carotenoid content. Plots represent the mean 
values with the standard error of means (n=5). Letter codes in plots indicate the level of 
statistical variation (p<0.05) in carotenoid content within leaf types across the genotypes as 
determined by Two-Way ANOVA with Holm-Sidak post-hoc multiple comparisons. rDay; 
recovery day. 
The substantial decrease in carotenoid content in young leaf tissues within the 
first 24 h of cold exposure (Figure 4.4) prompted me to examine if both young 
(recently emerged) and old leaves demonstrated similar effects of cold exposure. I 
exposed three-week-old Arabidopsis plants grown under normal growth conditions 
(as before) to 7 oC for 24 hours. This time, plants were continuously illuminated to 
minimise the light-dark cycle induced interference on the foliar carotenoid pool. The 
level of all carotenoids was substantially higher in young leaves compared to the old 
leaves from the 22 oC grown plants, whereas intriguingly, the level of all foliar 
carotenoids was substantially decreased in the young leaves harvested after 24 h cold 
exposure (Figure 4.5 A-E). In contrast, carotenoid content in old leaves was 
unchanged except a significant decrease in violaxanthin (Figure 4.5 A-E). The cold 
exposure significantly increased the proportion of lutein and decreased violaxanthin in 
both young and old leaves (Figure 4.5 F and H). Neoxanthin proportion was increased 
in old leaves only, whereas the β-carotene proportion was unchanged in both leaves 
(Figure 4.5 G and I). Collectively, the cold exposure decreased carotenoid content of 
young leaves to the level similar or lower of the old leaves.  
Interestingly, chlorophyll content in young leaves was also decreased while that 
of old leaves was unchanged in the cold exposed plants (Figure 4.5 J, K, L). 
Chlorophyll a/b ratio was significantly increased in young leaves, whereas that of the 
old leaves was decreased after 24 h cold exposure (Figure 4.5 M). Like Chl a/b ratio, 
ratio of the total chlorophyll and total carotenoid content (Chl/Car) were significantly 
increased in young leaves, and that in old leaves remained unchanged (Figure 4.5 N). 
The substantial change in the content and proportions of both carotenoids and 
chlorophylls in young leaves in response to cold exposure indicates higher plasticity 
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for photosynthetic pigment levels to change rapidly in response to severe cold 
exposure. Indeed, old leaves were stably resilient to a sudden decrease in temperature, 
revealing something intrinsically different in how they respond to severe cold 
exposure.   
 
Figure 4.5 Changes in carotenoid and chlorophyll content and proportion in Arabidopsis 
leaves in response to short-term cold exposure.  
A) Lutein content, B) β-carotene content, C) Violaxanthin content, D) Neoxanthin content, E) 
Total carotenoid content, F) Lutein proportion, G) β-carotene proportion, H) Violaxanthin 
proportion, I) Neoxanthin proportion, J) Chlorophyll a content, K) Chlorophyll b content, L) 
Total chlorophyll content, M) Chlorophyll a/b ratio, N) Total chlorophyll/Total carotenoid 
ratio. Carotenoids and chlorophylls in the tissues from young and old leaves of 3-week-old 
plants exposed to the cold (7 oC) for 24 h under continuous light. Carotenoid proportions are 
the percentages of individual carotenoid to the total carotenoid content. Plots represent the 
mean values with the standard error of means (n=5). Letter codes in plots indicate the level of 
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statistical variation (p<0.05) in carotenoid content within leaf types across the genotypes as 
determined by Two-Way ANOVA with Holm-Sidak post-hoc multiple comparisons. 
4.4 Discussion  
The fluctuation in ambient temperature can alter leaf biochemistry and 
physiology; therefore, affecting the plant’s performance to acclimate to environmental 
stress. In leaves, exposure to a low temperature triggers H2O2 accumulation and lipid 
peroxidation with the concurrent reduction in the activity of antioxidative enzymes 
including catalase, peroxidase, and ascorbate peroxidase, which increase oxidative 
stress (Zhou et al., 2006; Abdel Kader et al., 2018). Previous studies by (Haldimann, 
1997) and (Haldimann, 1998) revealed a correlation between changes in carotenoid 
content and composition and cold tolerance in maize plants exposed to 14-10 oC in 
combination with the high light intensity. An increase in the level of xanthophyll 
cycle carotenoids was observed in maize leaves (Haldimann, 1997) and Arabidopsis 
leaves (Harvaux and Kloppstech, 2001) exposed to 10 oC temperature. These above 
pieces of evidence demonstrate a potential function for xanthophylls to enhance cold 
tolerance in plants.  
In Arabidopsis, the higher level of foliar carotenoids in young leaves compared 
to old leaves (Figure 4.2, 4.3, 4.4, and 4.5) was in concert with the previous studies 
(Stessman et al., 2002; Dhami et al., 2018). The reduction in both content and 
proportion of lutein with a concomitant increase in β-carotenoids in both young and 
old leaves of crtiso (Figure 4.2 and 4.3) was as also in concert with the previous 
findings (Park et al., 2002). Whilst both absolute quantity and proportion of lutein 
were similar in young and old leaves, the leaf-age related differences in both quantity 
and proportions of other carotenoids including antheraxanthin and zeaxanthin in crtiso 
leaves (Figure 4.2 and 4.3) demonstrated the differential regulation of carotenogenesis 
during leaf development, as in WT, which is further elaborated in chapter 5. The 
similar trends in absolute quantity and proportions of most carotenoids in young and 
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old leaves from the plants (both WT and crtiso) grown under ambient (22/18 oC 
day/night) and prolonged cold (10/7 oC day/night) temperature demonstrated the 
functional stability of carotenoid profile in Arabidopsis leaves, i.e. high and low 
carotenoid content in young and old leaves. 
An increase in the level of xanthophylls in response to cold exposure was 
evident in plants such as maize (Haldimann, 1998) and Arabidopsis (Harvaux and 
Kloppstech, 2001). Both Haldimann (1998) and Harvaux and Kloppstech (2001) 
applied high light intensity in a combination of low temperature (10-14 oC); hence, 
changes in the carotenoid profile do not reflect the real effect of cold. Instead, it 
demonstrates the high light intensity-induced de-epoxidation of violaxanthin, leading 
to the non-photochemical quenching and photoprotection as evident in previous 
studies (Jahns and Holzwarth, 2012; van Oort et al., 2018). It was intriguing that a 
sudden cold-exposure substantially decreased (~50 %) the level of all foliar 
carotenoids within 24 h in young leaves which were emerged under ambient (22/18 
oC day/night) temperature and suddenly exposed to the cold (Figure 4.4 and 4.5). 
While the significant decrease in both content and proportion of violaxanthin 
indicates the de-epoxidation of violaxanthin under cold, neither prolonged or short-
term cold exposure increased zeaxanthin levels to a detectable level in WT 
Arabidopsis (Figure 4.3, 4.4, 4.5). Growing Arabidopsis or maize plants under high 
light intensity demonstrated the de-epoxidation of violaxanthin leading to increase in 
zeaxanthin during cold exposure (Haldimann, 1999; Harvaux and Kloppstech, 2001), 
although high light intensity induced effects cannot be eluded. The considerable 
increase in the proportion of violaxanthin in old leaves of crtiso from the prolonged 
cold treated plants can be the real effect of cold (compare Figures 4.2 I and 4.3 I), 
which needs further investigation. Collectively, an instant decrease in carotenoid 
content of young leaves in response to cold exposure (Figure 4.4 and 4.5) implicates 
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massive regulatory changes occurring in carotenogenesis during low-temperature 
exposure.  
The significantly higher level of carotenoids in the young leaves compared to 
old leaves that were emerged during cold treatment was intriguing (Figure 4.3), which 
demonstrated that the prolonged exposure to cold could trigger cold acclimation and 
resume carotenogenesis. These findings correspond with the previous work of 
Harvaux and Kloppstech (2001), where they revealed the restoration of photosystem 
II activity after 10 days or longer exposure of Arabidopsis to cold conditions. I 
revealed that young leaves of the ambient temperature grown plants were unable to 
retain the higher levels of photosynthetic pigments against a sudden decrease in 
temperature (Figure 4.4, 4.5). These data demonstrate the high plasticity of young 
leaves affecting carotenogenesis in response to cold exposure. In contrast, old leaves 
can retain the normal level of all foliar carotenoids regardless of the decrease in 
temperature (Figure 4.5), therefore, displaying a high degree resilience in maintaining 
the level of the carotenoid pool.  
A concurrent decrease in carotenoid and chlorophyll content in the young leaves 
exposed to cold (Figure 4.4) indicates a common factor controlling pigment 
biosynthesis, storage, and, hence, plastid development during cold exposure. It is 
likely that factors affecting chloroplast structure and/or density can affect the level of 
photosynthetic pigments in young, but not old Arabidopsis leaves. The young leaves 
of Arabidopsis comprise relatively smaller cells with smaller chloroplasts having 
poorly developed thylakoid network (Gugel and Soll, 2017); therefore, they have a 
lower capacity to sequester carotenoids on an individual plastid basis. However, the 
high density of small cells per unit area of fresh weight can result in a higher overall 
density of chloroplasts, therefore, increasing the overall capacity to sequester more 
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carotenoids. In contrast, the number of chloroplasts is higher in fully expanded cells 
from the old leaves, and the chloroplast size is larger, having a fully developed 
thylakoid network (Gugel and Soll, 2017). The larger cells, due to the large central 
vacuole which occupies the most of the cell volume (Rojo et al., 2001; Kruger and 
Schumacher, 2018), in mature leaves would result in a lower cell and chloroplast 
density on a leaf area or fresh weight basis, and hence the lower level of pigments per 
unit tissue. Collectively, the density and developmental state of chloroplasts as well as 
cells can impact the threshold level of photosynthetic pigments in leaves, which is 
explored further in Chapter 5 and discussed thoroughly in chapter 6. 
An intriguing finding was the rapid decrease in both carotenoid and chlorophyll 
content in young leaves, that emerged under normal growth conditions, after cold 
exposure. While it needs further investigation, one plausible scenario could be the 
cold-induced inhibition of cell and chloroplast division and development, which occur 
in young leaves, therefore, leading to an instant decrease in both chlorophyll and 
carotenoid content. Secondly, as the carotenoid pool was quite stable in response to 
cold exposure in old leaves, the fully developed thylakoid network can stably 
accommodate carotenoids in membranes, whereas, insufficient thylakoid membranes 
can make young chloroplasts less favourable to accommodate higher levels of 
pigments. An alternate scenario could be guided by the cold-induced alteration in 
metabolic efficiency of plastidial biosynthetic pathways, including both carotenoid 
and chlorophyll. As the younger tissues are metabolically more active compared to 
older tissues (Stessman et al., 2002), young leaves could have a higher abundance of 
isoprenoid precursors or higher metabolite flux into carotenoid and chlorophyll 
biosynthetic pathways leading to a production of a substantially higher level of 
photosynthetic pigments. A sudden decrease in temperature could reduce the 
precursor pool or decelerate metabolic pathways. Nevertheless, the regulatory 
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network that allows young leaves to accumulate higher levels of carotenoids and 
chlorophylls, and that quickly reduces pigment pools in response to a severe cold 
exposure is an exciting finding and further explored in chapter 5. 
………. ………. 
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Developmental state of chloroplast determines the foliar 
plasticity to maintain carotenoid content in Arabidopsis 
leaves 
In addition to the major focus on revealing a mechanism that regulates 
carotenoid homeostasis in Arabidopsis leaves in an age-related manner, I co-authored 
an original research paper, “A carotenoid-derived signal functions in parallel to 
deetiolated 1 to regulate etioplast and chloroplast development in response to altered 
photoperiods”. In this paper, I contributed to generating WT-154 (det1-154) lines (by 
crossing ccr2-154 with WT), hypocotyl measurement, and carotenoid profiling and 
data analysis of the same and manuscript revision. (Abstract; in Annex II). 
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Abstract 
Leaves undergo several structural and functional changes as they progress 
through maturity into a stage of senescence. Photosynthetically functional leaves 
usually accumulate six major carotenoids (lutein, β-carotene, violaxanthin, 
neoxanthin, zeaxanthin, and antheraxanthin) that facilitate light-harvesting and 
provide photoprotection. The level of each carotenoid needs to be tightly controlled in 
leaves during developmental changes and in response to changing environmental 
conditions. Here, I investigated changes in carotenoid content and composition during 
Arabidopsis leaf maturation before the onset of senescence. In wild type plants, lutein, 
β-carotene, violaxanthin, neoxanthin and chlorophyll content was about 70 %, 40 %, 
115 %, and 25 % higher respectively in young leaves when compared to older leaves. 
I demonstrate that the decline in pigments in old leaves was not due to the leaf 
developmental phase transition, as a typical age-dependent decrease in carotenoid 
content was revealed in the leaves of SQUAMOSA PROMOTER BINDING PROTEIN 
LIKE 15 (SPL15) mutant and MICRORNA 156B overexpression (35S::MIR156B) 
lines that affect leaf phase transitions. I demonstrate that the decline in carotenoids 
was not due to the enzymatic degradation, as the single and double ccd mutants did 
not affect the age-related reduction in foliar carotenoid content in aging leaves. Next, 
I tested the effect of carotenoid biosynthetic pathway mutant and overexpression 
lines. The overexpression of PHYTOENE SYNTHASE (PSY), which is rate-limiting 
for carotenogenesis, did not affect carotenoid content in young or old leaf tissues 
revealing a factor other than biosynthesis enabled the higher pigment accumulation in 
younger leaves. The loss of CAROTENOID ISOMERASE (CRTISO) function in crtiso 
(ccr2) plants reduced nearly 80 % lutein content in both leaf types, whereas β-
carotene content decreased in young leaves but increased in older leaves compared to 
the respective leaves from the WT. The xanthophyll cycle carotenoids were 
substantially enriched in both leaf types of crtiso, and all demonstrated age-related 
decline revealing the role of CRTISO in regulating metabolite flux into α and β-
branches of the carotenoid pathway. The age-related decline was demolished for 
lutein and β-carotene and that for total carotenoids and chlorophylls was decreased to 
10-20 %, while the level of xanthophyll cycle carotenoids was substantially higher in 
young leaves. This could indicate that a cis-carotene or a cis-carotene-derived 
apocarotenoid produced in crtiso leaf tissues can perturb carotenogenesis and 
chloroplast biogenesis and development.  
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I next, demonstrated that a short period of dark and cold exposure could reduce 
both carotenoid and chlorophyll content in young, but not older leaves. The chemical 
inhibition of PHYTOENE DESATURASE activity using norflurazon also decreased 
the carotenoid and chlorophyll content in young leaf tissues, yet did not affect 
pigment levels in older leaves. Norflurazon forced a 3-fold higher accumulation of 
phytoene in younger leaves compared to older, regardless of the carotenoid pathway 
mutants tested. This revealed that young leaves that undergo more frequent cell and 
chloroplast division, as well as expansion, have a higher capacity to accumulate more 
carotenoids and chlorophylls. The combined effect of norflurazon with cold or dark 
exposure reduced and inhibited phytoene biosynthesis respectively in both leaf 
tissues. The higher level of phytoene in young leaves demonstrated a higher rate of 
carotenoid biosynthesis. However, the reduction in pigment levels in younger leaves 
exposed to cold, darkness and norflurazon indicate that the higher density of cells and 
chloroplasts accompanied by the rapid chloroplast biogenesis and development can be 
the major factor underpinning the higher levels of pigments observed in young leaves 
of Arabidopsis. Collectively, I describe a mechanism whereby the darkness and cold 
exposure could trigger retrograde (as of norflurazon) and apocarotenoid (as of crtiso) 
signals that can regulate biogenesis and operational control of chloroplasts, more so in 
younger leaf tissues, fine-tuning photosynthetic pigment homeostasis and acclimation 
to the prevailing environmental conditions.  
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5.1 Introduction 
Leaves display several structural and functional identities during maturation. 
The primordial leaf cells undergo a rapid division followed by a gradual expansion in 
size increasing leaf area, therefore, enhance light harvesting and carbon acquisition 
(Gonzalez et al., 2012). The total protein content, rate of photosynthesis, and the level 
of chlorophyll content are higher in recently emerged (young) leaves of Arabidopsis 
compared to that of the mature leaves (Stessman et al., 2002; Ishihara et al., 2015). 
The younger leaves of Arabidopsis were more tolerant to excessive light stress 
compared to the mature ones (Bielczynski et al., 2017; D'Alessandro et al., 2018), 
which indicates the higher photoprotective capacity. Earlier, we demonstrated that 
young leaves of Arabidopsis had a higher level of carotenoids compared to the old 
leaves (Dhami et al., 2018) indicating a higher antioxidant capacity, therefore, the 
higher photoprotective ability of young leaves. The excessive oxidation production of 
β-carotene to produce β-cyclocitral activates the photoprotective pathways in 
chloroplasts during high light stress (Ramel et al., 2012), highlighting a crucial role of 
carotenoids to orchestrate developmental and environmental changes in leaves.  
The photosynthetically functional leaves comprise lutein, β-carotene, 
violaxanthin, and neoxanthin, that are tightly integrated with chlorophyll pigments in 
the thylakoid antennae, and collectively contribute to harvesting light energy 
(Grudzinski et al., 2001; Liguori et al., 2015; Qin et al., 2015; Mazor et al., 2017). 
Antheraxanthin and zeaxanthin are the components of the xanthophyll cycle and often 
accumulated in response to heat and light stress where they facilitate non 
photochemical quencing (NPQ) and protect light harvesting complexes (LHCs) in 
leaves (Ruban, 2016). However, the composition and content of foliar carotenoids can 
vary in the environmental-dependent manner, being tightly controlled to match the 
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functional state of a leaf and the prevailing environmental conditions (Nisar et al., 
2015).  
Foliar carotenoids are synthesised and sequestered in structurally and 
functionally different types of plastids such as etioplasts and chloroplasts in the dark-
grown leaves and photosynthetic leaves, respectively (Cazzonelli and Pogson, 2010). 
The proplastids, that differentiate early in the shoot apical meristems (SAMs), are the 
progenitors of all types of plastids (Charuvi et al., 2012), while tissue-specific 
developmental signals and environmental conditions determine the biogenesis of 
different plastid types and their operation control (Jarvis and Lopez-Juez, 2013; 
Osteryoung and Pyke, 2014). In leaves, plastids display a distinct developmental 
transition from a proplastid to etioplast to chloroplast (during dark to light transitions) 
or proplastid to chloroplast (in light), and chloroplast to gerontoplast (during leaf 
senescence), and each of them represent a specific functional stage of the leaf (Jarvis 
and Lopez-Juez, 2013; Sun et al., 2018). Etioplasts of the dark-grown seedlings 
mainly accumulate lutein and violaxanthin with the traces of β-carotene and 
neoxanthin, as observed during the seed germination (Rodriguez-Villalon et al., 
2009). However, light exposure can alter both content and proportions of foliar 
carotenoids concurrently transforming etioplasts into photosynthetically functional 
chloroplasts (Arsovski et al., 2012).  
Plant energy organelles such as chloroplasts serve as environmental sensors and 
generate reactive oxygen species (ROS), singlet oxygen, and metabolic signalling 
molecules when exposed to stress conditions; therefore, can alter molecular and 
physiological processes and cellular functions. In leaves, chloroplasts produce 
retrograde signals that can be transported to the nucleus and control the expression of 
photosynthesis associated nuclear genes (PhANGs) and protein levels (Chan et al., 
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2016; de Souza et al., 2017). The tetrapyrrole pathway intermediates are considered as 
the retrograde signals affecting nuclear gene expression. For example, norflurazon can 
induce accumulation of Mg-protoporphyrin IX (Mg-ProtoIX), heme and/or ROS in 
chloroplasts repressing the expression of PhANGs (Strand et al., 2003; Moulin et al., 
2008; Zhang et al., 2011). Likewise, heme and billin have been demonstrated to have 
roles in regulating the nuclear gene expression in algae such as Chlamydomonas 
reinhardtii (von Gromoff et al., 2008; Duanmu et al., 2013). Besides, chloroplast 
localised carotenoids themselves and/or their oxidative derivatives, mainly 
apocarotenoids, can also be involved in retrograde control of nuclear gene expression 
and leaf development (Ramel et al., 2012; Avendano-Vazquez et al., 2014). 
Massive changes in density, size, and ultrastructure of chloroplasts can occur 
during leaf expansion concurrently modulating the chloroplast associated metabolic 
activities, including carotenoid metabolism (Table 1.1) (Gonzalez et al., 2012). In 
leaves, chloroplast differentiation and development is intricately associated with the 
light availability and pigment biosynthesis, both carotenoids and chlorophylls (Jarvis 
and Lopez-Juez, 2013). The fully differentiated chloroplasts of a mature leaf comprise 
a highly ordered thylakoid network with a maximum number of grana stacks and 
thylakoid lamellae, whereas younger leaves have fewer grana stacks with poorly 
developed thylakoids and undifferentiated lamellae in Arabidopsis (Gugel and Soll, 
2017) and maize (Kutík et al., 1999). In general, older leaves comprise larger cells 
accommodating a higher number of larger sized chloroplasts compared to younger 
leaves, which should give them a higher capacity to store carotenoids. It is also 
reasonable that a younger leaf undergoing rapid structural and functional changes 
needs to be fine-tuned as a carbon sink and adapt to the prevailing environmental 
conditions to maintain pigment homeostasis and photosynthesis. 
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 The loss in carotenoid isomerase function, such as in crtiso mutants, 
accumulates cis-carotenes (neurosporene and tetra-cis-lycopene) in dark-grown or 
light deprived photosynthetic tissues, which are linked to the perturbation of 
prolamellar body (PLB) formation in etioplasts, consequently delaying chloroplast 
development and photomorphogenesis during de-etiolation (Park et al., 2002; Cuttriss 
et al., 2007; Cazzonelli et al., 2019). Unlike crtiso, dark-grown cotyledons of ziso 
mutants accumulate 9,15,9’-tri-cis-ζ-carotene (Chen et al., 2010) and produce a 
majority of the normal PLBs. Interestingly, the dark-grown cotyledons of ziso crtiso 
double mutants can resume PLBs and chloroplast development indicating a crucial 
role of neurosporene and/or tetra-cis-lycopene as substrate(s) generating 
apocarotenoid(s) that signal to control plastid development (Cazzonelli et al., 2019). 
The de novo accumulation of cis-carotenes is reported in both wild type and mutants 
of many plants, perhaps in a tissue-specific manner such as 15- cis-phytoene and 
15,9’-di-cis-phytofluene can be found in the fruits of wild type Apricot and tomato 
(Mapelli-Brahm et al., 2017; Shemesh et al., 2017). However, only a few reports 
demonstrate the signatures of the biological functions of cis-carotenes (Alagoz et al., 
2018). Given that the light can mediate cis-carotene isomerisation in leaves lacking 
ZISO and CRTISO enzyme activity, it seems plausible that the functional 
development of both leaf and plastid can be tightly linked to the level of cis-carotenes 
and/or cis-carotene derived signalling metabolites. However, photoisomerisation 
cannot restore the wild type-like carotenoid profile in the light-exposed leaves from 
crtiso (Park et al., 2002; Cazzonelli et al., 2009). As such, CRTISO is likely to have a 
function in controlling the chloroplast development as well as carotenoid abundance 
and composition during leaf maturation. 
The continuous turnover of carotenoids via enzymatic and non-enzymatic 
oxidation (Beisel et al., 2010; Beisel et al., 2011) is finely tuned to leaf development 
129 
 
and environmental conditions (Ramel et al., 2012; Havaux, 2014; Schaub et al., 
2018). The enzymatic oxidation is the principal route of carotenoid turnover in plants. 
Among the functionally characterized CAROTENOID CLEAVAGE 
DIOXYGENASE (CCD) and 9-CIS-EPOXYCAROTENOID DIOXYGENASE 
(NCED) enzymes, the plastoglobuli localized CCD4 specifically oxidise β-carotene 
contributing a rapid carotenoid turnover, particularly during the leaf senescence, as 
evident in Arabidopsis (Gonzalez-Jorge et al., 2013; Rottet et al., 2016), rapeseed 
(Zhang et al., 2015), and potato (Bruno et al., 2015). Based upon the functions that 
CCD4 and CCD1 have on carotenoid degradation and apocarotenoid production 
during leaf senescence, it seems reasonable to hypothesise both enzymes may also 
play a role in controlling carotenoid levels during the early stages of leaf maturation.  
Besides, the abundance of isoprenoid precursors particularly isopentenyl 
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), produced via 2-C-
methyl-D-erythritol 4-phosphate (MEP) pathway, determines the metabolite flux into 
the carotenoid biosynthesis (Lois et al., 2000; Rodriguez-Concepcion et al., 2001). 
For example, exogenous feeding of 1-deoxy-D-xylulose (DX) accelerated fruit 
ripening with a significant increase in the lycopene content in tomato (Lois et al., 
2000). Likewise, overexpression of 1-deoxy-D-xylulose-5-phosphate synthase (DXS) 
enhanced the production of carotenoids in carrot (Simpson et al., 2016) and 
Corynebacterium glutamicum (Heider et al., 2014) confirming a vital role of the 
precursor supply in carotenogenesis. Also, the cellular glucose level negatively affects 
the MEP pathway precursor abundance as well as the level of carotenoid and 
chlorophyll contents in leaves. For example, an increase in glucose level decreased 
the MEP pathway precursors and carotenoid, and chlorophyll contents in spinach 
(Krapp et al., 1991) and tomato (Mortain-Bertrand et al., 2008) leaves. It was 
previously shown that the constitutive expression of ISOPRENE SYNTHASE (ISPS) 
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gene from the grey poplar (Populus × canescent) in Arabidopsis enhanced the level of 
dimethylallyl diphosphate (DMADP) and isoprene emission in young leaves 
compared to old, however, carotenoid and chlorophyll content was unchanged 
between WT and transgenic lines (Loivamaki et al., 2007). Also, the level of DMAPP 
demonstrates light-dependent increase reaching to 2-3-fold higher in the noon in 
Quercus robur leaves (Bruggemann and Schnitzler, 2002). The isoprenoid production 
could also be rate-limiting for carotenogenesis during leaf development; however, the 
regulation of isoprenoid substrate supply into the carotenoid biosynthetic pathway 
during leaf maturation remains unclear. 
In addition to the chloroplast development and carotenoid biosynthesis and 
degradation, leaves display the characteristic developmental phase identities such as 
embryonic (cotyledons), juvenile, and adult phases and all leaves are unique in 
morphology and molecular signatures that can affect carotenogenesis. The leaves of 
all phases are supposed to finetune the optimum level of carotenoids corresponding to 
the functional stage of a leaf and ambient environmental conditions. A group of 
SQUAMOSA PROMOTER BINDING PROTEIN LIKE (SPL) family transcription 
factors together with miR156 and miR172 control the juvenile to adult and vegetative 
to reproductive phase transition as observed in Arabidopsis (Jung et al., 2011; Xu et 
al., 2016; Nguyen et al., 2017). Nguyen et al. (2017) demonstrated the high and low 
transcript abundance of miR156 and SPL15, respectively in juvenile phase leaves, and 
vice versa in the adult phase leaves. Interestingly, suppression of SPL15 expression 
via overexpression of microRNA156b (miR156b) disrupted the leaf developmental 
phase transition and enhanced the carotenoid content in the seeds of Arabidopsis (Wei 
et al., 2012) and Brassica napus (Wei et al., 2010), which indicates a possible link 
between leaf vegetative phase identity and carotenoid metabolism. It is unclear 
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whether the developmental phase of leaf affects the age-related decline in 
carotenogenesis. 
The functional changes in chloroplasts during leaf development and tissue- and 
plastid-specific accumulation of carotenoids unveils a challenge to decipher how 
carotenoid homeostasis can be fine-tuned to leaf developmental transitions and 
environmental change. In leaves, i) density and ultrastructure of the chloroplast, ii) 
efficiency of the rate-limiting enzymes, iii) rate of enzymatic and non-enzymatic 
degradation and iv) availability isoprenoid precursors for phytoene biosynthesis are 
the main components likely to determine the carotenoid homeostasis. In Chapter 2, I 
demonstrated that the level of carotenoids was significantly higher in young leaves 
compared to old (Dhami et al., 2018). This chapter explored how the level of foliar 
carotenoids changes in response to intrinsic developmental cues and environmental 
perturbations (extended periods of darkness and non-freezing cold) that impact 
photosynthesis and plastid biogenesis. A series of experiments with wild type, 
mutants, and overexpression genotypes of Arabidopsis revealed that young leaves can 
synthesise and/or accumulate a higher level of carotenoids and chlorophylls compared 
to old leaves. The experiments were, however, limited to explore the role of 
carotenoid biosynthetic and degradation pathways along with the leaf vegetative 
phase transition regulatory network to determine carotenoid homeostasis in 
Arabidopsis leaves in response to environmental changes. 
5.2 Materials and methods 
5.2.1 Germplasm, source and screening  
The wild type (WT) and a wide array of mutant and transgenic lines of 
Arabidopsis thaliana (ecotype Col-0) were used in this study. The mutants and 
transgenic lines with altered carotenogenesis regulatory genes were selected from the 
published work as indicated, and seeds were obtained from the respective labs and/or 
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Arabidopsis Biological Resource Centre (ABRC), Ohio State University. The seeds of 
ziso (z-iso) (Chen et al., 2010), crtiso (ccr2) (Park et al., 2002), lut2 (Pogson et al., 
1998), ccd1(ccd1-1); ccd4 (SALK097984C); ccd7(max3-11); ccd1 ccd4; ccd1 ccd7 
and ccd4 ccd7 (Rivers, 2017), crtiso::CrtI-OE; pds::CrtI-OE and crtiso pds::CrtI-OE 
(Watkins, 2013), sdg8(ccr1) (Cazzonelli et al., 2009), CRTISO-OE (Cazzonelli et al., 
2010), and PSY-OE (Maass et al., 2009) were obtained from the Barry Pogson’s Lab 
(Australian National University). CCD4-OE#2 and CCD4-OE#4 (Rottet et al., 2016) 
seeds were obtained from the Felix Kessler’s lab (University of Neuchatel, 
Switzerland). npq2, lut2 npq2 and aba4 npq1 lut2 (Ware et al., 2016) seeds were 
obtained from the Luca Dall′Osto’s lab (University of Verona, Italy). spl9-4, spl15-1, 
and spl9-4 spl15-1 (Nguyen et al., 2017) seeds were obtained from the David 
Mccurdy’s lab (University of Newcastle, Australia). Seeds of miR156b-OE (sk156) 
(Wei et al., 2012) were obtained from the Abdelali Hannoufa’s lab (Agriculture and 
Agri-Food Canada). Seeds of spl15-3 (CS856815), fib4 (SALK_122950C) and hpe1 
(SALK_092951C) were obtained from ABRC.  
The mutant and transgenic lines used in this study were homozygous as 
described in the respective literature and verified seed stock was obtained from the 
respective labs or ABRC. In the case of heterozygous spl15-3, segregation screening 
was conducted for three subsequent generations using BASTA, and homozygous lines 
were selected. Also, a characteristic phenotype or carotenoid profile was verified for 
other germplasm. In brief, ziso and crtiso lines displayed a delay in seedling greening 
and accumulation of cis-carotenes in dark-grown cotyledons, and crtiso leaves had 
reduced lutein. The lut2 plants had a normal WT-like phenotype; however, leaves 
were devoid of lutein with increased violaxanthin content. ccd1, ccd4, ccd7, ccd1 
ccd4, ccd1 ccd7, and ccd4 ccd7 lines were confirmed in Pogson’s lab as described in 
Rivers (2017) and same seed stock was used in this study. The crtiso::CrtI, pds::CrtI, 
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and crtiso pds::CrtI lines were generated and validated in the Pogson’s lab as 
described in Watkins (2013) and same parental seed stock was used in this study after 
confirming BASTA sensitivity. The sdg8 plants had early flowering branched 
phenotype as described in Cazzonelli et al. (2009). The CRTISO-OE were verified by 
spraying BASTA as described in Cazzonelli et al. (2010). The PSY-OE lines were 
verified by growing seeds on MS-hygromycin pates as described in Maass et al. 
(2009). The CCD4-OE#2 and CCD4-OE#4 were confirmed by BASTA as described 
in Rottet et al. (2016). The phenotypes of miR156a-OE, spl15_m, spl15_n, 
AS1::spl15_m, AS1::spl15_n were confirmed as described in Wei et al. (2012). 
35S::miR156a and 35S::MIM156 phenotypes were validated as of Wu and Poethig 
(2006) and Franco-Zorrilla et al. (2007) respectively. The npq2, lut2 npq2, and aba4 
npq1 lut2 lines were confirmed by HPLC as described in Ware et al. (2016). The fib4 
and hpe1 lines were verified by growing them on MS-kanamycin plates. 
5.2.2 Plant growth conditions 
Arabidopsis plants were grown in growth cabinets (Climatron Star700, 
Thermoline Scientific, Australia) or walk-in room with the controlled growth 
conditions. The Debco Seed Raising and Superior germinating mix (Scotts Australia) 
provided with 3% Osmocote, a slow-release fertiliser supplement, (Garden City 
Plastics Australia) was used to grow plants in 30-Cell Kwikpot trays (Cell 
dimensions: 50x50x60 mm, Cell volume: 100 ml, Garden City Plastics, Australia). 
Arabidopsis seeds were sown on the moistened soil mix and stratified for three days at 
4 oC under dark condition before transferring to the normal growth conditions. The 
photoperiod, light intensity, and temperature conditions were 16/8 hrs (L/D), 130-150 
µ mol m-2 sec-1 (cool fluorescent lamps) and 22/18 oC (D/N) respectively except stated 
otherwise. The Arabidopsis plants were thinned after one week of germination, and a 
single healthy plant was maintained in each cell. Plants were watered as required, 
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usually once in a week; however, all trays were uniformly watered two days before 
the sample collection to minimise the possible effect of water content on the test 
parameters. Each experiment was conducted at least twice to minimise the 
experimental variations and assure reproducibility. 
5.2.3 Leaf tissue collection 
Arabidopsis rosette leaves of different developmental stages were analysed for 
the content and composition of carotenoids. The fresh and healthy leaf tissues (20-50 
mg/sample) were collected during the middle of the photoperiod (within 7 - 9 hours of 
daily illumination) unless stated otherwise. The ontogeny-based numbering of rosette 
leaves was adopted to identify the leaf position, i.e. the first emerged true leaf was 
numbered as #1, and subsequent leaves were numbered serially, as has described in 
previous methods (Boyes et al., 2001; Granier et al., 2002). Every biological sample 
comprised the same leaf, such as leaf #3, from 3-7 plants and at least four biological 
replicates were maintained for each sample each treatment. The leaf tissues were 
snap-frozen in liquid nitrogen and stored in -80 oC until analysis. 
5.2.4 Seedling greening assay 
The seedling greening assay was conducted in Murashige and Skoog (MS) 
artificial culture media (Caisson Laboratories) supplemented with 1 ml/L Gamborg’s 
vitamins (Sigma-Aldrich) and 0.6% Phytagel (Sigma-Aldrich) without sucrose. For 
D15 treatment, 30 mg D15 (an aryl-C3N hydroxamic acid analog) was dissolved in 1 
ml ethanol and added to a litre of MS media, whereas, ethanol (1 ml/L media) was 
added to the control set. Arabidopsis seeds were surface sterilised by dipping them in 
commercial bleach (4 % sodium hypochlorite) for five minutes with brief vortexing 
followed by a five-minute hold in 80 % ethanol. Subsequently, the seeds were washed 
at least four times with sterilised water. The surface sterilised seeds were spread on 
MS plates and stratified at 4 oC for 72 hours under dark condition.The stratified plates 
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were transferred into the growth cabinet and temperature was maintained at 22 
oC.Plates were kept under the dark condition for five subsequent days to grow 
etiolated seedlings. On the day five, dark-grown seedlings were transferred to light 
with 16/8 h (L/D) photoperiod, ~130 µmol m-2 sec-1 light intensity (fluorescent lamps) 
and 22/18 oC (D/N) temperature except stated otherwise. The dark to light shift was 
made at the beginning of the photoperiod to maintain full photoperiod cycle from day 
one. The cotyledons from the dark-grown seedlings were collected on the 5th day, 
before transferring plates to the light (day0 samples). The greening cotyledon samples 
were collected at different time points (day 1 to day 17) as indicated in the results 
section. During sample collection, one MS plate was considered as one biological 
replicate, and at least four replicates were maintained for each time point each 
treatment. The cotyledon tissues were snap-frozen in the liquid nitrogen and stored in 
-80 oC until the pigment extraction. 
5.2.5 Norflurazon assay 
The three-week-old soil-grown Arabidopsis plants were used for a whole rosette 
norflurazon incubation bioassay. Arabidopsis plants were kept in the dark for five 
hours or as indicated otherwise before transferring to the norflurazon incubation 
media. 10 ml of norflurazon solution (selected concentrations; 5, 10, 20, 50, and 100 
μM) or MilliQ water was poured in a petridish containing a four-folded Kimwipe 
paper (Figure 5.8 B). The dark-adapted rosettes were detached from the rootstock 
keeping a small (~5 mm) hypocotyl portion intact and transferred to the petridish 
keeping the tip of the hypocotyl touched the moistened paper. Three to four plants 
were kept in each plate, covered with the petridish lid, and incubated for 24 hours or 
as indicated under continuous light or dark with variable temperature regimes. At the 
end of the incubation period, young and old leaf tissues were harvested. The dark-
incubated leaf tissues were collected under green light. At least four biological 
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replicates for each sample and treatment were maintained ensuring the same leaf from 
3-4 plants. All tissues were snap-frozen and stored at -80 oC until the pigment 
extraction.  
5.2.6 Pigment extraction 
Pigment extraction was performed as described in Dhami et al. (2018). In brief, 
frozen plant tissues were milled in TissueLyser® (QIAGEN) for two minutes at 20 
Hz speed using stainless steel beads (~3 mm diameter) in 2 ml clear microtubes. 
Finely powdered leaf tissues were extracted with 1 ml extraction buffer containing 
acetone and ethyl acetate (60:40 v/v) with 0.1 % butylated hydroxytoluene (BHT, 
w/v). Extraction mixture was vortexed for a minute and 0.8 ml milliQ water was 
added to separate the pigments by the phase separation. Microtubes were gently 
inverted for three times avoiding vigorous shaking and centrifuged at 15000 rpm for 5 
minutes at 4 oC. The upper pigmented ethyl acetate phase was collected in a new 
microtube and centrifuged for five minutes as before. Finally, 200 μl supernatant was 
collected in a clean vial and stored at 4 oC until analysis by HPLC. 
5.2.7 Pigment measurement 
The 20 μl freshly prepared ethyl acetate extracts were analysed using HPLC 
(Agilent 1260 Infinity) equipped with YMC-C30 (250 x 4.6mm, S-5 μm) column and 
Diode Array Detector (DAD) detector. A 35-minute reverse phase HPLC method was 
used to separate carotenoids, according to Alba et al. (2005) with minor 
modifications. In brief, the initial five-minute was an isocratic run of 100 % solvent A 
(methanol: triethylamine, 1000:1 v/v) which was followed by a 20-minute ramp to 
100 % solvent B (methyl tert-butyl ether) and a two-minute isocratic run of 100 % 
solvent B afterwards. All three steps were maintained at the solvent flow rate of 1 
ml/minute. Finally, the column was equilibrated for 8-minutes using 100 % solvent A 
at the flow rate of 1.5 ml/minute. The column temperature was maintained at 23 oC, 
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and autosampler temperature was set to 7 oC, illumination was turned off, and the 50 
μl extract loaded inserts were kept in brown vials. The DAD signals were recorded at 
440 nm, 340 nm, and 286 nm and carotenoid species were identified by retention 
time, fine spectral structure and the ratios of maximum absorption peaks. 
The DAD signals were recorded at 440 nm (286 nm for phytoene), and 
carotenoid species were identified by retention time, spectral structure and the ratios 
of maximum absorption peaks. The absolute quantities of carotenoids in micrograms 
(µg) of carotenoids per gram fresh weight (gfw) was derived by integrating the peak 
area to a standard curve value, as previously described (Pogson et al., 1996). Slope 
values used for converting peak area into µg/gfw leaf tissue include; neoxanthin 
(8.787E-05), violaxanthin (7.986E-05), lutein (9.498E-05; also used for 
antheraxanthin and zeaxanthin), -carotene (9.22E-05), chlorophyll b (2.849E-04) and 
chlorophyll a (2.74E-04). The phytoene contend was presented in terms of peak area 
per mg of fresh tissue. The carotenoid profile was presented as the absolute content 
(µg/gfw) or peak area (for phytoene) and percentage of a specific carotenoid content 
relative to the total carotenoid pool. 
5.2.8 Arabidopsis transcriptome database search  
The pilot survey of Arabidopsis leaf age-dependent expression profile of 
carotenogenesis regulatory genes was conducted with the data retrieved from an open-
access web-based database (http://travadb.org/), which contains RNA-seq based high-
resolution developmental transcriptome developed by Klepikova et al. (2016). This 
database presents the gene expression profile of 79 different organs, including the 3rd 
leaf of A. thaliana rosette representing different developmental stages. Transcriptome 
data was generated using high-throughput transcriptome sequencing and database is 
customised to provide differential gene expression across the organs and 
developmental stages. The transcript abundance of the genes involved in the MEP 
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pathway, carotenoid biosynthesis, carotenoid degradation, and leaf phase regulatory 
pathways was compared in young and old leaf (3rd leaf), and the differential 
expression was presented in terms of fold change. 
5.2.9 Primer design  
qRT PCR primers (Annex I) were designed online unless specified otherwise, 
by using Primer3Plus (http://primer3plus.com/cgi-bin/dev/primer3plus.cgi) and primer 
quality parameters were further confirmed by using an online IDT primer analyser 
(http://sg.idtdna.com/calc/analyzer). Also, the primer sequence blast was performed 
against Arabidopsis thaliana using NCBI blastn facility (https://blast.ncbi.nlm.nih.gov) 
to confirm the primer alignment specificity. 
5.2.10 Gene expression profiling by quantitative real-time PCR  
The snap-frozen leaf tissues (~50-100 mg) collected in 2 ml vials comprising 
stainless steel beads (3 mm diameter) were milled by TissueLyser® (QIAGEN) for 
two minutes at 20 Hz. RNA was extracted from the finely powdered frozen leaf 
tissues using SpectrumTM Plant Total RNA Kit (Sigma) with on-column DNase 
digestion according to the manufacturer’s protocol. 2 μg total RNA with Anchored 
Oligo(dt)18 primer was used in a 20 μl reaction for the first-strand cDNA synthesis 
according to the instructions of Transcriptor First Strand cDNA Synthesis Kit 
(Roche). Next, 1 ml of 1/10 diluted cDNA PCR mix was used along with 5 μl 
LightCycler® 480 SYBR Green I Master (Roche), and 1 μl of each (forward and 
reverse) primer (2 μM) in a 10 μl reaction in the LightCycler® 480 Multiwell Plate 
384 system (according to manufacturer’s protocol) to quantify the relative transcript 
abundance of the target genes. Three biological replicates of each leaf type were 
tested with the three technical replicates of each biological sample. The relative 
transcript abundance of the target genes in young and old leaves was determined, in 
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reference to Protein Phosphatase 2A gene (Czechowski et al., 2005) by using Livak 
(2-∆∆CT) method (Schmittgen and Livak, 2008). 
5.2.11 Data analysis 
The means of the carotenoid, chlorophyll, and gene expression data were 
compared in leaves and cotyledons of different age and position across a wide range 
of mutants and overexpression lines. Also, the pigment content and composition in 
different leaf types were compared across the different mutants in response to the 
environmental treatments. Being the high level of pigment content in young leaves, 
the relative decrease in the foliar carotenoids and chlorophylls was determined in old 
leaves, compared to the young, under the treatment conditions. Also, the effect of 
mutation or overexpression of a gene and environmental treatment on the foliar 
carotenoid and chlorophyll content was compared in young and old leaves. The 
results presented here are the mean values with the standard errors of means (SEM). 
Student t-test and One- or Two-Way ANOVA were carried out, where appropriate. 
Holm-Sidak post-hoc multiple comparisons were performed to determine the 
interaction within and across the test groups in response to the treatment levels. The 
data processing and analysis were performed by using MS Excel and Sigmaplot14. 
5.3 Results 
I previously demonstrated, in chapter 1, that carotenoid content was 
substantially higher (>60 %) in the recently emerged young leaves of Arabidopsis 
(Dhami et al., 2018). This chapter demonstrates what effects mutant and 
overexpression lines that alter leaf developmental phase and carotenoid biosynthesis, 
composition, degradation and/or regulation have on carotenogenesis during 
Arabidopsis leaf development. Here, I compared gene transcript abundance and 
carotenoid content between young and old leaves from WT, mutants, and gene 
overexpression lines. I explored how environmental conditions (e.g. extended 
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darkness and short-term cold) and a herbicide norflurazon (chemical inhibitor of 
carotenoid biosynthesis) can reduce the foliar carotenoid content in young leaves but 
not in old leaves. In addition, the differential abundance of individual carotenoids, as 
well as chlorophylls in young and old leaves, enabled to elucidate carotenoid 
homeostasis linking developmental state of leaf and/or chloroplast and environmental 
conditions. 
5.3.1 Some genes involved in carotenoid metabolism regulatory pathways are 
differentially expressed in young and old leaves 
The carotenoid biosynthetic pathway is dynamically synchronised with intrinsic 
developmental changes, both spatially and temporally. The substantial variation in the 
level of carotenoids in young and old leaves of Arabidopsis, as revealed in chapter 2 
(Dhami et al., 2018), prompted a deeper exploration into the transcriptome profiles of 
the genes involved in the carotenoid biosynthesis and degradation and carotenoid 
metabolism regulatory pathways. I expected a strong correlation between transcript 
abundance of the carotenogenesis regulatory genes and carotenoid content in young 
and old leaves of Arabidopsis. Surprisingly,  Arabidopsis leaf-age dependent 
transcriptome database (Klepikova et al., 2016) showed the similar transcript 
abundance of the key regulatory genes of the 2-C-methyl-D-erythritol 4-phosphate 
(MEP) and carotenoid biosynthesis pathways during the leaf aging, for example, 1-
DEOXY D-XYLULOSE-5 PHOSPHATE SYNTHASE (DXS), 4-HYDROXY-3-
METHYLBUT-2-ENYL DIPHOSPHATE REDUCTASE (HDR), PHYTOENE 
SYNTHASE (PSY), and CAROTENOID ISOMERASE (CRTISO) (Figure 5.1 A-B). 
However, the transcript abundance of the MEP pathway genes, that are involved in 
the supply of geranylgeranyl diphosphate (GGPP) into carotenogenesis, particularly 
GGPP SYNTHASE 11 (GGPPS11) (Ruiz-Sola et al., 2016), was lower in the old 
leaves indicating a possibility of the reduced GGPP supply in mature leaves. In 
contrast, the transcript level of GGPP SYNTHASE 12 (GGPPS12), GGPPS12 interact 
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with GGPPS11 to channel GGPP substrate toward the terpene biosynthesis (Chen et 
al., 2015), was higher in older leaves, which indicates that the level of substrate for 
carotenoid biosynthesis can be altered during Arabidopsis leaf aging.  
Likewise, several genes involved in the carotenoid biosynthesis, such as ζ-
CAROTENE ISOMERASE (ZISO), LYCOPENE ε-CYCLASE (LCYE), LYCOPENE β-
CYCLASE (LCYB), and α-CAROTENOID HYDROXYLASE 1 (BCH1) had lower 
expression levels in older leaves corroborating with the general decline in the level of 
carotenoids in older leaves. Interestingly, of the four CAROTENOID CLEAVAGE 
DIOXYGENASE (CCD) and five 9-CIS-EPOXYCAROTENOID DIOXYGENASE 
(NCED) enzymes involved in carotenoid degradation, the transcript abundance of 
CAROTENOID CLEAVAGE DIOXYGENASE 1 (CCD1), CAROTENOID CLEAVAGE 
DIOXYGENASE 4 (CCD4) and 9-CIS-EPOXYCAROTENOID DIOXYGENASE 3 
(NCED3) was substantially higher in older leaves (Figure 5.1 B), which indicates a 
possibility of a higher rate of carotenoid turnover in older leaves. I also analysed the 
relative expression levels of SQUAMOSA PROMOTER BINDING PROTEIN LIKE 
(SPL) family transcription factors (SPL2, SPL3, SPL4, SPL5, SPL6, SPL9, SPL10, 
SPL11, SPL13, and SPL15), and microRNAs (miR156a, miR156b, miR172a, 
miR172b) that regulate the leaf developmental phase transition and carotenogenesis. 
Among the SPLs, the expression levels of SPL2, SPL4, and SPL10 were higher, and 
that of SPL9 and SPL15 was substantially lower in old leaves compared to young 
leaves (Figure 5.1 C). Likewise, the miR172a transcript abundance was higher in 
older leaves, and that of miR156a, miR156b, and miR172b was unchanged in both leaf 
types (Figure 5.1 C). The differential expression level of SPL2, SPL4, SPL10, SPL9, 
SPL15, and miR172a indicated a potential role of leaf developmental phases, both 
vegetative (embryonic, juvenile and adult) and reproductive, in regulating the 
carotenogenesis in leaves. 
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Next, I quantified the relative expression levels of the selected genes involved in 
the MEP pathway, carotenoid biosynthesis and degradation pathways, and the leaf 
developmental phase regulatory pathways in both young and old leaves (leaf#3 from 
14- and 24-days old plants), which were normalised using the same amount of RNA 
and internal house-keeping gene PROTEIN PHOSPHATASE 2A (PP2A). In 
agreement with the gene expression profile revealed in the transcriptome database 
(Klepikova et al., 2016), the transcript levels of the key regulatory genes particularly 
DXS, HDR, PSY, and CRTISO were unchanged in young and old leaves (Figure 5.1 
D). Moreover, the transcript level of GGPPS11 was decreased marginally but 
significantly (p=0.01) whereas GGPPS12 increased by 4-fold in old leaves (Figure 
5.1 D) indicating the alteration in GGPP substrate flow into carotenogenesis during 
the leaf maturation. Also, compared to young leaves, the transcript levels of LCYE 
was significantly decreased (p<0.005) with the corresponding increase of LCYB 
(p<0.001) in old leaves (Figure 5.1 D). This could reveal a role for LCYE and LCYB 
in regulating pathway flux between the α- and β-branch carotenoids in an age-
dependent manner. The xanthophyll cycle regulatory genes ZEP and VDE were also 
unchanged in young and old leaves. However, in concert with (Klepikova et al., 
2016), the transcript abundance of CCD1 and CCD4 was 2- and 13-fold higher in old 
leaves (Figure 5.1 D) indicating an enhanced carotenoid turnover in older leaves. 
Finally, the transcript abundance of SPL15 was reduced by 4-fold in old leaves 
(Figure 5.1 D) indicating that the change in the developmental phase could affect the 
level of foliar carotenoids. Taken together, there were obvious changes in the 
transcript abundance of the key regulatory genes such as GGPPS12, CCD4, and 
SPL15 that could link isoprenoid substrate supply to carotenoid biosynthesis, 
enzymatic degradation of carotenoids, and leaf developmental phase identity 
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respectively to an altered level of carotenoid content in young and old leaves of 
Arabidopsis. 
 
Figure 5.1 Age-dependent expression profile of carotenoid metabolism regulatory pathway 
genes in Arabidopsis rosette leaves.  
(A) 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway, (B) Carotenoid biosynthesis and 
degradation pathways, and (C) Leaf developmental phase regulatory genes in the third leaf of 
Arabidopsis rosette. The read count data retrieved from the transcriptome database 
(http://travadb.org). The transcript abundance in mature (old) leaves at the stage of anthesis of 
the first flower is presented relative to the young leaf (leaf size 5 mm long). The fold change 
values were obtained from the transcriptome database hence no error bars or significance 
provided in figures A, B, and C. (D) Relative transcript abundance of the selected genes in 
young and old (the third leaf from 14- and 24-day old plants) as revealed by quantitative real-
time polymerase chain reaction (qRT PCR). Relative expression levels were normalised to the 
PROTEIN PHOSPHATASE 2A (PP2A, housekeeper gene. qRT PCR data represent the mean 
values of three biological replicates, each comprising three technical replicates. In figure D, 
error bars represent the standard error of means (n=3) of biological replicates. The transcript 
abundance in figure D represents one of the two independent experiments. The asterisk marks 
in figure D represent One-Way ANOVA scores, where differences between young and old 
leaves were statistically significant at p< 0.01 (**), and <0.001 (***). 
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5.3.2 Age-related decline in foliar carotenoid content is independent of leaf 
developmental phase 
Arabidopsis leaves display the distinct morphological, functional as well as 
molecular signatures, referred to as the developmental phase identities, in embryonic 
(cotyledons), juvenile (early emerged), and adult (lately emerged) phase leaves 
(Poethig, 1997; Xu et al., 2016; Nguyen et al., 2017). In chapter 2, I demonstrated that 
young leaves of Arabidopsis accumulated the high level of carotenoids regardless of 
the leaf developmental phases (Dhami et al., 2018), however, the mechanism 
controlling the age-dependent decline of the foliar carotenoids was unexplored. Here, 
I utilised a suite of mutants and overexpression lines, particularly spl and miR156-OE 
that affect leaf developmental phase transition, to verify if leaf vegetative phase 
identity alters the level of carotenoid accumulation in leaves. In agreement with the 
possible role of SPL15 and miR156 in regulating carotenogenesis, the substantially 
high level of SPL15 transcripts in young leaves (Figure 5.1) corresponding to the 
higher level of carotenoids compared to old leaves (Dhami et al., 2018) was 
intriguing. However, like WT, all the tested vegetative phase regulatory spl mutants 
(spl9-4, spl15-1, spl15-3, and spl9-4 spl15-1) and miR156-OE lines showed a 60-90 
% higher foliar carotenoid content in young leaves compared to old (Figure 5.2). 
Taken together, spl mutants and miR156-OE lines that affect leaf developmental 
phase identify and carotenoid levels in seeds appeared to have no obvious effect on 
the age-dependent decline in foliar carotenoid content in Arabidopsis leaves.  
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Figure 5.2 Carotenoid content in the young and old leaves of developmental phase regulatory 
pathway altered lines.  
(A) Lutein (B) β-carotene (C) Violaxanthin (D) Neoxanthin, (E) Total carotenoids, and (F) 
Relative difference (%) in total carotenoid content in young leaves compared to old leaves. 
The early emerged (leaf#3, old) and recently emerged leaves (leaf#11-13, young) of the long 
photoperiod (16/8 h, light/dark) grown plants were collected from the 3-week (21 DAS) old 
plants and carotenoid content was measured using HPLC. Plots represent the mean values 
with the standard error of means (n=5) from a representative dataset of the two independent 
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experimental repetitions. Letter codes in the plots indicate the level of statistical variation 
(p<0.05) in the respective test parameters within leaves and across the tested germplasm as 
determined by Two-Way ANOVA (A-E) and One-Way ANOVA (F) adopting Holm-Sidak 
post-hoc multiple comparisons. 
5.3.3 Carotenoid degradation does not cause an age-dependent decline in foliar 
carotenoid content 
Enzymatic oxidation is the primary route of carotenoid turnover and 
apocarotenoid production in plants. Among the functionally characterised 
CAROTENOID CLEAVAGE DIOXYGENASES (CCDs) and 9-CIS-
EPOXYCAROTENOID DIOXYGENASE (NCEDs), the plastoglobuli localised 
CCD4 mainly contributes to carotenoid turnover in the senescing leaves and seeds 
(Harrison and Bugg, 2014). The substantially higher level of CCD4 transcripts in old 
leaves (Figure 5.1 and 5.4) and a distinct function of CCD4 in degrading carotenoids 
during leaf senescence prompted me to explore the level of carotenoids in young and 
old leaves of single and double ccd mutants to validate the involvement of CCDs, if 
any, in decreasing the foliar carotenoid content in an age-dependent manner.  
It was surprising to see young leaves of the mutants such as ccd1, ccd4, ccd7, 
ccd1 ccd4, ccd1 ccd7, and ccd4 ccd7 contained a significantly higher (>50%) 
individual and total carotenoid content when compared to old leaves of the respective 
lines (Figure 5.3). Also, the level of the total as well as individual carotenoid in the 
leaves from a constitutive CCD4 overexpression (CCD4-OE) plants was higher in 
young leaves and decreased during leaf maturation, as in WT (Figure 5.3). Likewise, 
as plastoglobuli are the sites of CCD4 function and enzymatic degradation of 
carotenoids, therefore, I tested FIBRILLIN 4 (FIB4) mutants (fib4), which are 
impaired in plastoglobuli development, to explore if CCD and/or plastoglobuli 
development affect carotenogenesis during leaf maturation. Like other genotypes, fib4 
plants also demonstrated a typical age-dependent decline in foliar carotenoids (Figure 
5.3). There were minor changes in individual carotenoid content across the mutant 
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lines, compared to WT; however, the difference was not significant in terms of the 
total carotenoid content. These data do not support any obvious role for CCDs in 
controlling the age-dependent decline in foliar carotenoid content during leaf 
maturation, at least, before the onset of senescence. 
  
Figure 5.3 Carotenoid content in the young and old leaves of the carotenoid degradation 
pathway regulatory lines.  
(A) Lutein (B) β-carotene (C) Violaxanthin (D) Neoxanthin, (E) Total carotenoids, (F) 
Relative difference (%) in total carotenoid content in young leaves compared to old leaves 
(young/old). The first pair of rosette leaves (leaf 1-2) of the long photoperiod (16/8 h, 
light/dark) grown plants were collected on the 11 DAS (young) and 23 DAS (Old). Plots 
represent the mean values with the standard error of means from a representative dataset of 
the two experimental repetitions. Letter codes in the plots indicate the level of statistical 
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variation (p<0.05) in the respective test parameters within leaf types across the germplasm as 
determined by Two-Way ANOVA and One-Way ANOVA (Figure F) adopting Holm-Sidak 
post-hoc multiple comparisons.  
I next tested what effect the D15 (an aryl-C3N hydroxamic acid analog), a 
chemical inhibitor of CCD activity, would have on the age-dependent decrease in 
carotenoid content typically observed during leaf development. D15 did not affect the 
age-dependent changes in carotenoid content, both individual and total, during 
cotyledon maturation (Figure 5.4). As expected, carotenoid content of cotyledons was 
gradually increased following the de-etiolation, under 16-hour daily light exposure, 
which was peaked around the day 9, but steadily declined afterwards regardless of the 
D15 treatment (Figure 5.4). Despite previous reports showing that the D15 enhanced 
carotenoid content in root tissues by 2-fold (Van Norman et al., 2014), the carotenoid 
levels remained relatively unchanged in maturing cotyledons compared to control 
(Figure 5.4).  
It should be noted that there were subtle changes in a few individual carotenoids 
at the selected time points in the D15 treated seedling tissues; however, this can be an 
artefact of sampling. Collectively, the age-dependent decrease in the foliar carotenoid 
content observed in Arabidopsis leaves was not dependent upon any single or double 
ccd mutation combination, and D15 treatment ruled out CCD redundancy as a 
contributing factor. Hence, CCD activity does not appear to have a function in age-
related decline of the carotenoid content during the leaf maturation regardless of the 
substantial increase in CCD4 transcript abundance in old leaves. 
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Figure 5.4 Carotenoid content in the greening cotyledons in response to D15.  
(A) Lutein (B) β-carotene (C) Violaxanthin (D) Neoxanthin, (E) Total carotenoids. 
Arabidopsis seedlings were grown on MS basal medium with or without 30 μg/L D15 under 
dark for 5 DAS. Dark-grown seedlings were transferred to the light (16/8 h, light/dark)) on 
the 5th DAS, marked as the 0 day after light exposure. The pair of cotyledons were collected 
from 5-19 days after light exposure, and carotenoid content was measured. Plots represent the 
mean values with the standard error of means (n=4) from a representative dataset of the two 
independent experimental repetitions. Letter codes in the plots indicate the level of statistical 
variation (p<0.05) in the respective test parameters within leaf types across the test groups as 
determined by Two-Way ANOVA adopting Holm-Sidak post-hoc multiple comparisons. 
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5.3.4 Carotenoid isomerase mutant impairs carotenoid accumulation in a leaf-
age dependent manner 
I next investigated what effect enhancing carotenogenesis by PSY-
overexpression and altering carotenoid isomerisation by impairing ZISO and CRTISO 
function and CRTISO-overexpression would have on the carotenoid profile in young 
and old leaves of Arabidopsis. In agreement with the leaf phase and carotenoid 
degradation regulatory mutants, the level of total carotenoids was significantly 
decreased in the old leaves of the carotenoid biosynthetic pathway mutants (Figure 
5.5). Although there were significant differences in younger leaves across the 
genotypes, that can be genotype-dependent, old leaves had a similar level of 
carotenoids across the genotypes (Figure 5.5). The overexpression of PSY did not 
affect total or individual carotenoid content in any leaf types, except a slight reduction 
in neoxanthin in older leaves (Figure 5.5 D), which corroborated the previous findings 
that demonstrated similar carotenoid content in the leaves from PSY-OE and WT 
(Maass et al., 2009). The total carotenoid content was significantly reduced in 
younger leaves of ziso and crtiso mutants when compared to WT (p=0.008 and 0.001 
respectively) (Figure 5.5 G,), but that of old leaves was unchanged (Figure 5.5 F, H). 
These findings were consistent with previous studies that demonstrated a reduction in 
the total carotenoid content in dark-grown tissues of ziso (zic1-1)(Chen et al., 2010) 
and crtiso (ccr2) (Park et al., 2002).  
In crtiso leaves, individual carotenoid contents varied drastically in both young 
and old leaves compared to the respective leaves from WT (Figure 5.5). The lutein 
content was reduced by nearly 80 % and 60 % in young and old leaves, respectively, 
of crtiso compared to the respective leaves of WT (Figure 5.5 A, G, H). The level of 
β-carotene was similar in young leaves of both crtiso and WT, whereas old leaves of 
crtiso had a significantly higher level (~20 %, p=0.04) of β-carotene (Figure 5.5 B, G, 
H). Intriguingly, unlike other genotypes including WT, the level of lutein and β-
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carotene were similar in both young and old leaves of crtiso (Figure 5.5 A, and B). 
Other pigments such as violaxanthin, neoxanthin, antheraxanthin and zeaxanthin 
displayed an age-dependent decline as WT (Figure 5.5 C, D, E). There was an 
increase (80 % to 125 %) in violaxanthin and decrease in neoxanthin (20 % to 30 %) 
content in both leaf types of crtiso mutants (Figure 5.5 C, D, G, H). Antheraxanthin 
and zeaxanthin accumulate in trace levels or not detected in WT leaves; however, 
both were significantly enriched in crtiso leaves, more so in young leaves compared 
to old (Figure 5.5 E). As expected, overexpression of CRTISO (CRTISO-OE) restored 
the level of all foliar carotenoids in both leaf types to the level of WT, including the 
absence of antheraxanthin and zeaxanthin (Figure 5.5), which implicates a stringent 
requirement of CRTISO activity in determining the foliar carotenoid profile. The 
substantial decrease in α-chain carotenoid (lutein) and concurrent increase in β-chain 
carotenoids (β-carotene, zeaxanthin, antheraxanthin, and violaxanthin) content in 
crtiso leaves, compared to WT, highlights an essential role of CRTISO in regulating 
pathway flux into α- and β-branches (Figure 5.1 D). 
The leaves from ziso accumulated significantly reduced level of lutein, β-
carotene, and violaxanthin in young leaves compared to WT, yet did not affect their 
levels in older leaves (Figure 5.5 B, G, H). Like WT, antheraxanthin and zeaxanthin 
were not detectable in ziso leaves under normal growth conditions. These data support 
the fact that the loss of ZISO function can impair individual carotenoid content in the 
leaf-age dependent manner. Both CRTISO and ZISO can alter pathway flux through 
α- and β-branch carotenoids, perhaps in an age-dependent manner. The perturbations 
that affect lutein and/or β-carotene can alter the age-related decline in foliar 
carotenoids as observed during the leaf development. Although CRTISO and ZISO 
drive key enzymatic steps changing foliar carotenoid content, both steps can also be 
enabled by light exposure. Collectively, the above data demonstrate the critical roles 
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of carotenoid isomerases in maintaining the functional state of α- and β-carotenoids 
during leaf development. 
  
Figure 5.5  Carotenoid content in the young and old leaves of carotenoid biosynthetic 
pathway regulatory lines.  
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(A) Lutein, (B) β-carotene, (C) Violaxanthin, (D) Neoxanthin, (E) Antheraxanthin and 
Zeaxanthin in crtiso leaves, (F) Total carotenoids, (G) Relative content of carotenoids in 
young leaves of mutant and overexpression lines compared to WT (H). The relative content of 
carotenoids in old leaves of mutant and overexpression lines compared to WT. The leaf#3 
samples were collected from the soil-grown plants on the 14th (young) and 29th (old) day after 
stratification (DAS). Plots represent the mean values with the standard error of means (n=4) 
from a representative dataset of multiple experimental repetitions. Letter codes and asterisk 
marks in the plots indicate the level of statistical variation (letters p<0.05 and *** p<0.001) in 
the respective test parameters within leaf types across the germplasm as determined by Two-
Way ANOVA adopting Holm-Sidak post-hoc multiple comparisons. ziso and crtiso are loss 
of function mutants in ζ-CAROTENE ISOMERASE and CAROTENOID ISOMERASE 
respectively. PSY-OE and CRTISO-OE lines are 35S::AtPSY line#23 (Maass et al., 2009) and 
35S::AtCRTISO (Cazzonelli et al., 2010). Lut; Lutein, β-car; β-carotene, Vio; Violaxanthin, 
Neo; Neoxanthin, Ant; Antheraxanthin, Zea; Zeaxanthin, Tot Car; Total carotenoids. 
To further explore the mechanism of the carotenoid isomerisation on carotenoid 
accumulation during leaf maturation, I analysed Arabidopsis WT and mutant (crtiso 
and pds) transgenic lines harbouring a bacterial PHYTOENE DESATURASE (CrtI) 
gene from Pantoea agglomerans. The bacterial CrtI gene allows a bypass from 
phytoene to lycopene without a need for any cis-carotene isomerisation and, as such, 
can facilitate xanthophyll biosynthesis without endogenous PDS or CRTISO activity 
(Fraser et al., 1992). I used CrtI-OE transgenic lines that were previously generated in 
pds mutant (CS16064) background (pds::CrtI#26) and  was subsequently crossed to 
crtiso mutant (ccr2.1) enabling the generation of crtiso::CrtI-OE and pds crtiso::CrtI-
OE lines (Watkins, 2013). The overexpression of CrtI in crtiso mutant background 
did not resume carotenoid profile to WT (Figure 5.6 G). A similar (28-38%) decline 
in total carotenoid content was observed during leaf maturation in both crtiso and 
crtiso::CrtI-OE, which was considerably less than the reduction observed (~55 %) in 
WT (Figure 5.6 H). However, CrtI-OE displayed the variable impacts at the level of 
individual carotenoids in the absence of crtiso.  
CrtI-OE caused a subtle, yet the significantly higher accumulation of lutein 
(Figure 5.6 A), while the level of β-branch carotenoids such as β-carotene, 
antheraxanthin and zeaxanthin content was decreased in young leaves of crtiso::CrtI-
OE compared to crtiso (Figure 5.3 A, B, E, F). As a consequence, there was a greater 
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reduction in total carotenoids in old leaves of crtiso::CrtI-OE relative to WT and 
crtiso (Figure 5.6 G, H). Indeed, the total, as well as specific carotenoid content, 
displayed a typical age-dependent decline in old leaves except β-carotene and 
antheraxanthin in crtiso::CrtI-OE. The pds::CrtI-OE lines also showed the reduced 
carotenoid content compared to WT and a typical decline in total and individual 
carotenoid content during leaf maturation (Figure 5.3). Compared to WT, the decrease 
was significant for lutein in both young and old leaves, and neoxanthin content was 
reduced in young leaves only (Figure 5.6 A, D). The absolute level of lutein was 
reduced in pds::CrtI-OE, which was in agreement with the previous studies in tomato 
(Romer et al., 2000) and Arabidopsis (Galzerano et al., 2014).  
In contrast, β-carotene content was similar as WT and violaxanthin levels were 
significantly increased in both young and old leaves in pds::CrtI-OE compared to WT 
(Figure 4.6 B, C). Whilst the overexpression of CrtI in crtiso and pds background 
(crtiso::CrtI and pds::CrtI) was unable to restore the WT-like carotenoid profile in 
any of the leaf types, curiously, the pds::CrtI crtiso lines showed an enhanced level of 
total carotenoids that mimicked WT level (Figure 5.6 G, H). The crtiso effect was 
completely abolished for antheraxanthin and zeaxanthin in the old leaves of pds::CrtI 
crtiso, as none of antheraxanthin or zeaxanthin accumulated in old leaves (Figure 4.6 
F). Indeed, like crtiso, lutein and β-carotene contents were significantly lower and 
higher respectively in young leaves of pds::CrtI crtiso compared to WT (Figure 5.6 
A, B), regardless of the WT-like difference in the total carotenoid content between 
young and old leaves (Figure 5.6 H). These data substantiate the role of CRTISO in 
regulating carotenoid pathway flux into α- and β-branches of the carotenoid 
biosynthetic pathway. The fact that the loss of CRTISO function impairs PLB 
formation and chloroplast development leading to a reduced level of carotenoids, a 
substantially higher level of carotenoid content in young leaves could be linked to 
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active biogenesis of chloroplast and higher cell density in young leaves compared to 
older leaves that have fully developed chloroplasts. Nevertheless, how CRTISO 
orchestrates the developmental and environmental signals to finetune pathway flux 
through to α- and β-branches of the carotenoid biosynthetic pathway is open to 
discovery. 
 
Figure 5.6 Carotenoid content in the young and old leaves of CrtI overexpression lines.  
(A) Lutein (B) β-carotene (C) Violaxanthin (D) Neoxanthin, (E) Antheraxanthin, (F) 
Zeaxanthin (G) Total carotenoids, and (H) Relative increase in total carotenoid content in 
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young leaves compared to old leaves. The early emerged (leaf#2-3, old) and recently emerged 
leaves (leaf#11-13, young) were collected from the three-week-old plants. Plots represent the 
mean values with the standard error of means (n=5) from a representative dataset of the two 
experimental repetitions. Letter codes in the plots indicate the level of statistical variation 
(p<0.05) in the respective test parameters within leaf types across the germplasm as 
determined by Two-Way ANOVA and One-Way ANOVA (in Figure H) adopting Holm-
Sidak post-hoc multiple comparisons. pds and crtiso are loss of function mutants in 
PHYTOENE DESATURASE and CAROTENOID ISOMERASE respectively. CrtI is a bacterial 
PHYTOENE DESATURASE from Pantoea agglomerans used to generate CrtI overexpression 
transgenic lines in pds (CS16064) and crtiso (ccr2) backgrounds as described in Watkins 
(2013). 
5.3.5 Age-related decline in foliar carotenoids is independent to changes in lutein 
or other xanthophyll carotenoids 
The similar level of lutein, although reduced in comparison to WT, with 
enriched violaxanthin and zeaxanthin in both young and old leaves of crtiso indicated 
a possibility of lutein biosynthesis determining the age-dependent homeostasis of the 
foliar carotenoids (Figure 5.6). I, therefore, tested if mutant lines lacking and/or 
accumulating one or more xanthophylls (e.g. lutein, zeaxanthin, violaxanthin) 
demonstrate a typical age-related decline in carotenoid content during leaf 
development. Firstly, I showed that lutein did not affect the age-dependent decrease in 
the foliar carotenoids. The lutein deficient 2 mutants (lut2), which lacked lutein, but 
had higher violaxanthin levels, normal β-carotene content, and reduced neoxanthin in 
both leaf types, still displayed, like WT, a significant reduction in individual as well 
as total carotenoid content in old leaves (Figure 5.7). Likewise, the leaves from lut2 
npq2 double mutant (accumulate only zeaxanthin and β-carotene) and the aba4 npq1 
lut2 triple mutant (accumulate only β-carotene and violaxanthin) demonstrated that 
changes in xanthophyll content do not affect the age-dependent decrease in the foliar 
carotenoids as observed in older leaves from WT (Figure 5.7). Intriguingly, high 
zeaxanthin accumulating lines, such as npq2 (=aba1.3) and lut2 npq2, accumulated a 
substantially higher (60 % and 20 %, respectively) total carotenoid content in young 
leaves compared to WT, whereas that in old leaves were rather similar as WT (Figure 
5.7). Taken together, the decline in the level of foliar carotenoids during leaf ageing 
did not link to the xanthophyll, including lutein, biosynthesis and/or accumulation. 
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Figure 5.7 Carotenoid content in the young and old leaves of the xanthophyll biosynthetic 
pathway mutant lines.  
(A) Lutein (B) β-carotene (C) Violaxanthin (D) Neoxanthin, (E) Zeaxanthin, and (F) Total 
carotenoids. The leaf#3 samples of the soil-grown plants were collected on the 13 DAS 
(young) and 24 DAS (Old). Plots represent the mean values with the standard error of means 
(n=4) from a representative dataset of two experimental repetitions. Letter codes in the plots 
indicate the level of statistical variation (p<0.05) in the respective test parameters within leaf 
types across the germplasm as determined by Two-Way ANOVA adopting Holm-Sidak post-
hoc multiple comparisons. npq2, aba4, and lut2 were mutants in NONPHOTOCHEMICAL 
QUENCHING 2, ABSCISIC ACID DEFICIENT 4, LUTEIN DEFICIENT 2 genes 
respectively.  
158 
 
5.3.6 Young leaves have a greater capacity to accumulate phytoene  
The fact that the loss-in CRTISO function was able to perturb age-related 
difference in lutein content and caused phytoene accumulation in younger leaves from 
crtiso, prompted to explore how perturbing cis-carotene biosynthesis would impact 
carotenoid levels in aging leaves. I hypothesised that younger leaves could have a 
higher isoprenoid substrate availability for carotenoid biosynthesis when compared to 
older leaves. I also questioned whether the differences in the state of cell division 
during leaf aging could account for accumulating a differential level of carotenoids in 
young and old leaves. For example, rapid cell division and chloroplast biogenesis in 
younger leaves could lead to an overall higher density of cells and chloroplasts; 
therefore, higher the level of carotenoid content. I utilized a herbicide norflurazon, a 
potent inhibitor of PDS activity that causes phytoene to accumulate (Figure 5.8 A) in 
plastids (Devlin et al., 1976; Di Baccio et al., 2002), to explore the level of phytoene 
accumulation in both young and old leaves in WT and the carotenoid biosynthesis 
regulatory mutants.  
I firstly optimised the norflurazon bioassay for Arabidopsis leaves and rosettes 
(Figure 5.8 B), to quantify and correlate phytoene accumulation with other foliar 
carotenoids in different leaf types. I tested various concentrations of norflurazon (1, 5, 
10, 50, and 100 μM) and incubation times (1, 2, 4, 8, 20, and 24 hours) on phytoene 
and phytofluene accumulation in both young (immature; leaf 1-2) and old (mature; 
leaf 9-11) leaf types (Figure 5.8 B). All concentrations of norflurazon caused 
phytoene to accumulate in both leaf types (Figure 5.8 C), albeit at different amounts 
during 1-24 hours incubation time (Figure 5.8 E). A small quantity of phytofluene 
was detected in young leaves at lower concentrations of norflurazon, which was 
declined as the increase in norflurazon concentration and diminished after 50 μM 
(Figure 5.8 D) indicating a complete inhibition of phytoene desaturation at a step 
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before phytofluene production. Among the five concentrations tested, 50 μM or 
higher concentration of norflurazon accumulated the maximum level of phytoene but 
not phytofluene, in both leaf types (Figure 5.8 C) demonstrating a complete cease of 
PDS activity at 50 μM or higher concentration of norflurazon. As such, applying 
norflurazon to whole rosettes could provide a unique system to explore chloroplast 
biogenesis and turnover as well as plastid capacity to synthesise and accumulate 
carotenoids in different leaf types. I next optimised the duration for the rosette 
incubation using 50 μM norflurazon and aimed to determine what effect the 
incubation time might have on phytoene accumulation in different leaf types. The 
detectable level of phytoene was accumulated in both leaf types within four hours of 
norflurazon incubation, indicating a rapid inhibition of PDS activity (Figure 5.8 E). 
The phytoene could accumulate at earlier time points; however, these levels were 
below the detection of our HPLC quantification method. After 4-hours of incubation, 
there was a steady increase in phytoene accumulation, as the incubation time 
increased, in both leaf types; however, the difference between young and old leaves 
was nearly similar (2-3 fold) at all time points (Figure 5.8 E, F). The consistently 
higher level of phytoene accumulation in younger leaves in all concentrations of 
norflurazon (Figure 5.8 C) and at all incubation time points (Figure 5.8 E, F) agreed 
with the higher level of carotenoid biosynthesis in young leaves (Figure 5.2 and 5.3).  
Norflurazon could have perturbed the carotenogenesis concomitantly impairing 
chloroplast biogenesis as evidenced by the visual bleaching occurred at the bases of 
young leaves after 24 h of norflurazon incubation that was not seen in older leaves. 
The rate of chloroplast turnover in older leaves could be considerably slower, as 
evidenced by the longer time they took developing bleached sectors. Like other 
carotenoids, a higher phytoene content in young leaves indicates that young leaves 
comprising a higher density of continuously dividing cells can be more efficient, 
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compared to old leaves, in synthesising and/or accumulating carotenoids. 
Collectively, these proofs implicate that younger leaves can have a higher plastid 
density due to the greater cell density accompanied by the higher rate of plastid 
biogenesis that overall can synthesise and/or accumulate carotenoids to a greater 
extent compared to the old leaves. Alternatively, a higher isoprenoid substrate 
availability in young leaves could also cause a biosynthesis of phytoene to a greater 
extent compared to older leaves. 
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Figure 5.8 Optimization of the norflurazon bioassay using Arabidopsis whole rosette.  
(A) Carotene biosynthetic pathway highlighting the steps of norflurazon inhibition. (B) A 
typical set up of the entire rosette norflurazon treatment. (C) Phytoene and (D) phytofluene 
content after 24 h incubation of Arabidopsis rosettes in different concentrations of 
norflurazon., (E) Phytoene content in response to norflurazon treatment (50 μM) at the 
different incubation time points, and (F) Difference in phytoene content in young leaves (%) 
compared to old leaves at the different incubation time points. The three weeks old 
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Arabidopsis rosettes were treated with different concentration (0-100 μM) of norflurazon for 
the different incubation times (1-24 hours), as indicated. Arabidopsis trays were kept in the 
dark for 4-5 hours before transferring Arabidopsis plants to the norflurazon. Norflurazon 
treatment was conducted under continuous light (130-150 µmol m-2 sec-1, cool fluorescent 
lamps) at 22 oC. The early emerged leaves (leaf 1-2; old) and recently emerged leaves (leaf 9-
11, young) samples from the norflurazon treated plants were collected after different 
incubation time points (as indicated), and carotenoid content was measured using HPLC. 
Plots represent the mean values with the standard error of means (n=4 (C, D), 3 (E)) from a 
representative dataset of at least two independent experimental repetitions. Letter codes 
indicate the level of statistical variation (p<0.05) in carotenoid content within and across the 
test groups determined by Two-Way ANOVA, except One-Way ANOVA for Figure D and F 
adopting Holm-Sidak post-hoc multiple comparisons. 
5.3.7 Carotenoid isomerase mutants enhance phytoene accumulation in young 
leaf tissues 
As young leaves accumulated substantially higher levels of phytoene in 
response to norflurazon-induced inhibition of PDS activity (Figure 5.8), I questioned 
if the carotenoid isomerase mutants (ziso and crtiso), the young leaves of which 
already accumulate a detectable amount of phytoene, would accumulate more 
phytoene in response to norflurazon treatment. The norflurazon treated rosette leaves 
from ziso, crtiso, and lut2 mutants all accumulated more than 3-fold higher phytoene 
content in young leaves compared to older leaves (Figure 5.9 A, C). Surprisingly, ziso 
and crtiso plants significantly enhanced phytoene accumulation in young leaves by 90 
% and 60 % respectively and nearly 50 % higher in old leaves compared to WT 
(Figure 5.9 A). However, due to the proportionate enrichment of phytoene content in 
both leaf types, the difference between young and old leaves of all genotypes was 
similar (Figure 5.9 C). Like WT, an equivalent level of phytoene accumulation in 
response to norflurazon in ziso and crtiso leaves reinforces the fact that the young 
leaves can have a higher substrate availability to synthesise carotenoids to a greater 
extent. Alternatively, as stated earlier, a higher cell and chloroplast density could 
provide an additive increase in phytoene as well as downstream carotenoid content in 
young leaves compared to old leaves, which demands a more in-depth exploration 
into the cytology of young and mature leaves. 
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Next, I tested phytoene accumulation in PSY overexpression transgenic lines 
expecting the accumulation of more phytoene in both leaf types if PSY activity is 
rate-limiting, therefore, result in the different level of carotenoids in young and old 
leaves. Also, constitutive overexpression of PSY would demolish the leaf-age related 
trend in phytoene accumulation in response to norflurazon, given that PSY-OE 
enhanced phytoene accumulation in dark-grown calli (Schaub et al., 2018) and loss-
of-function in PSY activity was shown to feedback reducing isoprenoid precursor 
supply into the carotenoid biosynthetic pathway (Rodriguez-Villalon et al., 2009). 
However, phytoene levels were significantly enriched in young leaves from both WT 
and PSY-OE lines relative to older leaves of the respective genotypes (Figure 5.9 A). 
Curiously, PSY-OE did not enhance phytoene levels compared to that of WT in none 
of the leaf types and age-related decrease in phytoene content in old leaves persisted 
(Figure 5.9 A). Hence, PSY activity is not a determinant of an age-related decline in 
foliar carotenoid levels in Arabidopsis leaves. 
There are pieces of evidence demonstrating that cis-carotene and/or β-carotene 
derived apocarotenoids could feedback as the signalling molecules to regulate 
isoprenoid precursor flux into the carotenoid biosynthetic pathway (Hou et al., 2016; 
Alagoz et al., 2018). Therefore, I next quantified the phytoene levels in young and old 
leaves of ccd4, ccd7, and ccd4 ccd7 mutants, as well as CCD4-OE lines that all can 
perturb the enzymatic generation of apocarotenoids, hence, expected to alter the age-
related decline in phytoene accumulation in norflurazon treated rosette leaves. In 
agreement with the age-dependent variation in phytoene level in WT leaves, all ccd 
mutant and CCD4-OE lines accumulated 4-6-fold higher phytoene levels in young 
leaves (Figure 5.9 B, D). The ccd4, ccd7, and ccd4 ccd7 mutants showed a 
significantly lower accumulation of phytoene content in young leaves compared to 
WT, whereas old leaves had the same level of phytoene content across the genotypes 
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and fold differences between young and old leaves was not significantly different to 
WT (Figure 5.9 D). These data can rule out a function for enzymatic oxidation 
derived apocarotenoids in foliar tissues that, I speculated to, control plastid biogenesis 
and/or isoprenoid substrate supply into the carotenoid biosynthetic pathway during 
leaf maturation.  
 
Figure 5.9 Phytoene accumulation in young and old leaves of Arabidopsis in response to 
norflurazon treatment.  
(A) Carotenoid biosynthetic pathway altered genotypes, (B) Carotenoid degradation pathway 
altered mutant lines, (C) Difference in phytoene accumulation in carotenoid biosynthetic 
pathway altered genotypes, and (D) Difference in phytoene accumulation in carotenoid 
degradation pathway altered genotypes. The three-week-old long photoperiod (16/8 h, 
light/dark, 22/18 oC temperature) grown Arabidopsis rosettes were treated with 50 μM 
norflurazon for 24 hours at 22 oC under continuous light. Arabidopsis trays were kept in the 
dark for 5 hours before transferring plants to norflurazon. The early emerged (leaf 1-2, old) 
and recently emerged leaf (leaf 9-11, young) samples from the norflurazon treated plants were 
collected after 24 hours, and carotenoid content was measured using HPLC. Plots represent 
the mean values with the standard error of means (n=4) from a representative dataset of the 
two independent experimental repetitions. Letter codes indicate the level of statistical 
variation (p<0.05) in carotenoid content within and across the test groups determined by Two-
Way ANOVA (Figure A and B) and One-Way ANOVA (Figure C and D) adopting Holm-
Sidak post-hoc multiple comparisons. 
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5.3.8 Norflurazon treatment reduced carotenoid content in young leaves 
The continuous turnover of the downstream carotenoids such as β-carotene 
(Beisel et al., 2011) is likely to reduce the carotenoid pool rapidly as norflurazon 
completely blocks PDS activity and the biosynthesis of downstream carotenoids. To 
explore the effect of norflurazon on the downstream carotenoids, I quantified the level 
of the most abundant foliar carotenoids following the norflurazon treatment of 
Arabidopsis rosettes. It is interesting to note that the level of lutein, β-carotene, 
violaxanthin as well as the total carotenoids was significantly decreased in young 
leaves after 20 h or longer incubation in norflurazon while neoxanthin remained 
unchanged (Figure 5.10 A-E). Unlike lutein, β-carotene and violaxanthin contents 
were significantly lower in young leaves compared to that of the old leaves after 24 h 
incubation in norflurazon. In contrast, the level of all foliar carotenoids or total 
carotenoids in older leaves remained unaffected by norflurazon treatment (Figure 5.10 
A-E). The difference in the total carotenoid content between young and old leaves 
was significantly decreased after 20 h incubation in norflurazon where both young 
and old leaves had a similar level of total carotenoids (Figure 5.10 F). However, the 
difference becomes negative after 24 h incubation as the carotenoid content was 
continuously reduced in young leaves and that of old leaves remained unaffected 
(Figure 5.10 E).  
The rapid decrease in individual and total carotenoid content in young leaves 
following norflurazon treatment and the lack of change in the carotenoid content in 
old leaves reinforces the critical differences in the state of plastid differentiation and 
turnover in aging leaves. The lack of change in carotenoid content in older leaves 
highlights a slower chloroplast turnover in mature cells, and that norflurazon plausibly 
did not affect the intact chloroplasts to the same extent to those undergoing rapid 
differentiation of thylakoids in young leaves. Also, the reduction in β-carotene and 
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violaxanthin after 24 h was intriguing, which indicates that these pigments are more 
susceptible to degradation during chloroplast turnover. Collectively, the dramatic 
decrease in carotenoids in young leaves following norflurazon treatment highlights 
that the immature cells undergoing rapid division and plastid biogenesis are the most 
sensitive to changes in carotenoid levels.  
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Figure 5.10 Carotenoid content in the young and old leaves of the norflurazon treated plants 
after different incubation time points.  
(A) Lutein, (B) β-carotene (C) Violaxanthin, (D) Neoxanthin, (E) Total carotenoids, and (F) 
Relative change (%) in total carotenoid content in young leaves compared to old leaves. 
Arabidopsis trays were kept in the dark for 4-5 hours before transferring Arabidopsis plants to 
the norflurazon plates. Norflurazon treatment was conducted under continuous light at 22 oC. 
The early emerged (leaf 1-2, old) and recently emerged leaf (leaf 9-11, young) samples from 
the norflurazon treated plants were collected after different incubation time points (as 
indicated) and carotenoid content was measured using HPLC. Plots represent the mean values 
with the standard error of means (n=3) from a representative dataset of the two independent 
experimental repetitions. Letter codes indicate the level of statistical variation (p<0.05) in 
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carotenoid content within and across the test groups determined by Two-Way ANOVA (A-E) 
and One-Way ANOVA (F) adopting Holm-Sidak post-hoc multiple comparisons. 
Next, I investigated what effect norflurazon treatment would have in the foliar 
carotenoid content of ziso and crtiso, mutants that impair cis-carotene isomerase 
activity, and PSY overexpressing lines. In agreement with earlier results, norflurazon 
treatment reduced the level of all carotenoids in both leaf types, however, that of 
young leaves was drastically reduced to the level of old leaves or even below (Figure 
5.11). Both leaf types from WT, ziso, lut2, and PSY-OE rosettes treated with 
norflurazon showed no significant difference in total carotenoid content, except for 
crtiso, which reduced the total carotenoid content nearly 20% in younger leaves 
compared to older (Figure 5.11 G, H). Indeed, individual carotenoids demonstrated a 
different degree of reduction after 24 h norflurazon treatment. Lutein content was 
reduced to the level of old leaves in WT, ziso, and PSY-OE, whereas that of crtiso was 
significantly lower in young leaves (Figure 5.11 A). In old leaves too, β-carotene 
content was reduced considerably, but to a lesser extent, compared to young leaves 
(Figure 5.11 B). Unlike lutein, β-carotene content was drastically reduced below the 
level of old leaves in young leaves regardless of the genotypes (Figure 5.11 B) 
indicating a rapid degradation of β-carotene. Likewise, violaxanthin, which is 
enriched in crtiso and lut2 leaves (Figure 5.5 C and5.7 C), showed a more significant 
reduction in young leaves of all genotypes (Figure 4.11 C). The neoxanthin content 
was also decreased to the level of old leaves in norflurazon treated plants (Figure 5.11 
D). As expected, antheraxanthin and zeaxanthin were present in crtiso and lut2 leaves. 
However, the presence of zeaxanthin in both leaf types of WT, ziso, and PSY-OE and 
antheraxanthin in both leaf types of ziso, and PSY-OE was unexpected.  
The accumulation of zeaxanthin and antheraxanthin in all genotypes including 
WT-control, which are usually not detected in Arabidopsis WT plants under non-
stress conditions (Figure 5.5), indicates as if norflurazon treated plants triggered 
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stress-responsive pathways too, plausibly drought-responsive or wounding due to the 
removal of rootstock from the rosette. Intriguingly, norflurazon treatment was 
ineffective in reducing both zeaxanthin and antheraxanthin levels, and all genotypes 
demonstrated a typically higher level of both xanthophylls in young leaves (Figure 
5.11 E, F). Collectively, these data reinforce that norflurazon treatment reduces the 
foliar carotenoid content, specifically β-carotene and violaxanthin in young leaves, 
which undergo rapid cell division and plastid biogenesis. The significant reduction in 
β-carotene in younger leaves highlights a higher turnover rate for β-carotene in young 
dividing cells. The older leaves were rather resilient, compared to young, to changes 
in carotenoid content after exposure to norflurazon.  
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Figure 5.11 Norflurazon induced changes in foliar carotenoid content in the carotenoid 
pathway altered genotypes.  
(A) Lutein, (B) β-carotene (C) Violaxanthin, (D) Neoxanthin, (E) Antheraxanthin, (F) 
Zeaxanthin, (G) Total carotenoids, and (H) Difference (%) in total carotenoid content in 
young leaves compared to old leaves from the norflurazon treated plants. Arabidopsis trays 
were kept in the dark for 4-5 hours before transferring Arabidopsis plants to the norflurazon 
plates. Norflurazon treatment was conducted under continuous light at 22 oC. The early 
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emerged (leaf 1-2, old) and recently emerged leaf (leaf 9-11, young) samples from the 
norflurazon treated plants were collected after 24 hrs incubation, and carotenoid content was 
measured using HPLC. Plots represent the mean values with the standard error of means 
(n=4) from a representative dataset of the two independent experimental repetitions. Letter 
codes indicate the level of statistical variation (p<0.05) in carotenoid content within and 
across the test groups determined by Two-Way ANOVA and One-Way ANOVA (Figure H) 
adopting Holm-Sidak post-hoc multiple comparisons. 
5.3.9 Darkness and temperature fluctuations alter both phytoene and 
downstream carotenoid accumulation in young leaves 
Light and temperature are the critical environmental conditions affecting 
carotenogenesis. Exposure to low temperature and extended darkness can affect 
plastid biogenesis, chloroplast differentiation, and chloroplast size  (Possingham, 
1980). In this connection, I aimed to examine if extended dark period and different 
temperatures (cold and warm) would prevent the norflurazon induced phytoene 
accumulation in young and old leaves of Arabidopsis. Interestingly, phytoene 
accumulation was not reported in none of the leaves from the norflurazon treated  
Arabidopsis rosettes incubated under continuous darkness, which was contrasting to 
the continuous light-exposed plants that demonstrated a typical leaf-age related 
variation in foliar phytoene levels after norflurazon treatment (Figure 5.12 A). 
Absence of phytoene in the dark incubated Arabidopsis leaves demonstrated a 
shutdown of the carotenoid biosynthesis in leaves during darkness. This was in 
concert with the absence of phytoene accumulation in the norflurazon treated 
Capsicum annum leaves incubated under dark condition (Simkin et al., 2003). In 
photosynthetic tissues, localisation of active PSY occurs in thylakoids under light 
exposure while remaining inactive in the absence light (Welsch et al., 2000), which 
corroborates the absence of phytoene in the dark exposed norflurazon treated 
Arabidopsis leaves (Figure 5.12 A). In contrast, it is intriguing that non-
photosynthetic tissues can continue phytoene biosynthesis during darkness such as 
etiolated seedlings and seed-derived calli (Welsch et al., 2000), which confirms the 
tissue-specific regulation of PSY activity and carotenogenesis in the absence of light. 
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I next asked what effects the higher and lower temperature would have on 
phytoene accumulation in Arabidopsis leaves under continuous light. Interestingly, a 
higher temperature (32 oC as opposed to 22 oC) significantly increased phytoene 
levels in both leaf types, yet an age-dependent decline in phytoene was still apparent 
in older leaves (Figure 5.12 B). In contrast, incubation of rosettes at 7 oC for 24 hours 
decreased the phytoene accumulation by 3- to 6-fold in both leaf types compared to 
leaves from the rosettes incubated at22 oC (Figure 5.12 C). Taken together, phytoene 
biosynthesis appears tightly linked to environmental factors such as darkness and 
temperature fluctuation that can plausibly impair plastid biogenesis and/or 
differentiation. The transcription of PSY was not rate-limiting in the phytoene 
biosynthesis and carotenogenesis in response to the developmental and environmental 
cues in leaves (Figure 5.9 and 5.11). Alternatively, isoprenoid substrate supply into 
the carotenoid pathway could also be affected by these environmental factors which 
would limit phytoene biosynthesis in both leaf types, and it is open to discovery. 
 
Figure 5.12 Phytoene content in the young and old leaves of Arabidopsis treated with 
norflurazon under different temperature and light conditions.  
(A) Effect of warmer temperature (32 oC) on phytoene accumulation, (B) Effect of non-
freezing cold (7 oC) on phytoene accumulation, and (C) Effect of dark condition on phytoene 
accumulation. The three-week-old long photoperiod (16/8h, light/dark, 22/18 oC temperature) 
grown Arabidopsis rosettes were treated with norflurazon (50 μM) for 24 hours at 22 oC 
(NFZ-22) or 32 oC (NFZ-32) or 7 oC (NFZ-7) under continuous light or dark (as indicated). 
The milliQ water was added in control sets such as H2O-22, H2O-32, H2O-7, and H2O-Light. 
Arabidopsis trays were kept in the dark for 5 hours before transferring plants to norflurazon 
plates. For norflurazon treatment under darkness, dark-adapted plants were transferred to 
norflurazon plates under the green light. The early emerged (leaf 1-2, old) and recently 
emerged leaf (leaf 9-11, young) samples were collected after 24 hours, and carotenoid content 
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was measured using HPLC. Plots represent the mean values with the standard error of means 
(n=4) from a representative dataset of the two independent experimental repetitions. Letter 
codes in plots indicate the level of statistical difference (p<0.05) in carotenoid content within 
leaf types across the treatment groups as determined by Two-Way ANOVA with Holm-Sidak 
post-hoc multiple comparisons.  
Next, I examined how the exposure to the extended darkness and different 
temperature conditions can affect the levels of foliar carotenoids in rosette leaves. 
Strikingly, the level of all individual and total carotenoids in young leaves was 
decreased to the levels similar or below old leaves after dark and cold exposure for 24 
hours (Figure 5.13 A, C), mimicking the trend caused by norflurazon treatment 
(Figure 5.13 D). Perhaps β-carotene is susceptible to a higher rate of degradation, the 
levels of β-carotene in young leaves from the rosettes exposed to darkness, cold, and 
norflurazon treatments were significantly reduced to the level equal or lower to the 
old leaves (Figure 5.13 A, C, D). The violaxanthin content in young leaves was 
decreased below the level of old leaves from the norflurazon treated plants but not in 
the extended darkness and cold exposed plants (Figure 5.13 A, C, D). In old leaves, 
the levels of lutein and neoxanthin remained unchanged in dark exposed plants, 
whereas that of β-carotene and violaxanthin and, therefore, total carotenoid content 
decreased significantly compared to the light-exposed plants (Figure 5.13 A). The 
level of violaxanthin content was also reduced in old leaves of the continuous dark 
and cold exposed plants compared to the light, and 22 oC exposed plants, respectively 
(Figure 5.13 A, C). The warmer temperature such as 32 oC is hugely stressing for 
Arabidopsis growth, however, did not have any effect on individual or total 
carotenoid content in any leaf type (Figure 5.13 B) despite nearly 60 % increase in 
phytoene accumulation in both young and old leaves compared to 22 oC exposed 
plants (Figure 5.12 B).  
While the level of all individual carotenoids in young leaves of darkness, cold, 
and norflurazon treated plants was reduced substantially, the differential level of 
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reduction in young and old leaves demonstrates the stochastic response of carotenoids 
toward environmental perturbations. Also, the dramatic changes in carotenoid content 
in young leaves relative to a subtle or no change in older leaves exposed to darkness 
and cold indicates an active link between the developmental state of leaves and 
chloroplasts, therefore, carotenoid biosynthesis. These data corroborate the findings 
above showing that norflurazon can impair plastid biogenesis in the rapidly dividing 
cells in younger leaves as compared to more mature cells that can maintain a steady-
state of carotenoid pool in older leaves. Perhaps the regulation of carotenogenesis in 
response to the extended darkness, cold, and norflurazon, particularly in young leaves, 
can follow similar or different mechanisms, which needs further exploration. 
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Figure 5.13 Carotenoid content in young and old leaves of Arabidopsis exposed to different 
temperature and light conditions.  
(A) dark, (B) 32 oC, (C) 7 oC, and (D) norflurazon. The three-week-old long photoperiod 
(16/8 h, light/dark, 22/18 oC temperature) grown Arabidopsis rosettes were detached from the 
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rootstock and transferred to the Petridish containing a moistened paper (10 ml milliQ water or 
norflurazon (50 μM)/plate). Five petridishes each comprising 3-4 rosettes were transferred to 
22 oC (control) or 32 oC or 8 oC under continuous light for 24 hours, and another set was 
transferred to the continuous dark at 22 oC. Arabidopsis trays were kept in the dark for 5 
hours before transferring plants to the petridishes. After 24 hours, early emerged (leaf 1-2, 
old) and recently emerged leaf (leaf 9-11, young) samples were collected from all test groups 
and carotenoid content was measured using HPLC. Plots represent the mean values with the 
standard error of means (n=4) from a representative dataset of the two independent 
experimental repetitions. Letter codes in plots indicate the level of statistical variation 
(p<0.05) in carotenoid content within leaf types across the treatment groups as determined by 
Two-Way ANOVA with Holm-Sidak post-hoc multiple comparisons. 
5.3.10 Dark and cold treatment alters carotenoid composition 
The wild type Arabidopsis leaves usually comprise approximately 45-50 % 
lutein, 20-25 % β-carotene, 10-15 % neoxanthin and 10-15 % violaxanthin when 
grown under stress-free environmental conditions (Pogson et al., 1996; Ruiz-Sola and 
Rodriguez-Concepcion, 2012). In agreeance with previous studies (Pogson et al., 
1996), the proportions of lutein, β-carotene, violaxanthin, and neoxanthin were nearly 
50 %, 28 %, 13 %, and 9 % respectively in old leaves under normal growth conditions 
(Figure 5.14 A-D,  control panels). However, there were significant differences in the 
proportions of foliar carotenoids in younger leaves compared to old leaves. The 
proportions of lutein and violaxanthin were significantly higher (~54 % and ~15 %), 
whereas β-carotene proportion was as low as 20 % in young leaves and neoxanthin 
proportion remain unchanged in both leaf types (Figure 5.14 A-D, control panels). 
The reduction in lutein proportion with a concomitant increase in β-carotene 
proportion in old leaves compared to young leaves indicated an age-dependent re-
direction of pathway flux from the α- to β-branch carotenoid biosynthesis 
corroborating the significant increase and decrease in LCYB and LCYE expression 
respectively, in aging leaves (Figure 5.1 D). 
Next, I explored how an extended period of darkness (up to 24 h), alteration in 
temperature (warm; 32 oC, cold; 7 oC), and norflurazon treatment would affect the 
foliar carotenoid composition relative to the control leaves incubated under ambient 
growth conditions. Interestingly, lutein and β-carotene proportions were increased and 
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decreased, respectively, in both leaf types in response to continuous darkness for 24 h 
compared to the constant (24 h) light exposed leaves (Figure 5.14 A). There was a 
subtle reduction in violaxanthin proportion in old leaves, whereas that in the young 
leaves and neoxanthin proportion in both leaf types was unchanged under dark 
exposure (Figure 5.14 A). A warmer temperature (32 oC) did not affect the relative 
proportions of all four carotenoids regardless of the leaf type (Figure 5.14 B). 
However, cold treatment (7 oC) substantially decreased the proportion of violaxanthin 
with the corresponding increase in lutein proportion in both leaf types (Figure 5.14 
C). However, β-carotene and neoxanthin proportions were unchanged in both leaf 
types under cold exposure (Figure 5.14 C). These data demonstrate the variable 
impact of environmental perturbation on the different carotenoid species.  
Finally, I investigated how inhibiting phytoene desaturase activity using 
norflurazon treatment would affect the proportion of foliar carotenoids in both leaf 
types. Like darkness and cold, lutein and neoxanthin proportions were increased in 
norflurazon exposed young leaves, whereas both were unchanged in old leaves 
(Figure 5.14 D). In contrast, the β-carotene proportion in both leaf types and 
violaxanthin in young leaves was significantly decreased (Figure 5.14 D). 
Norflurazon had the greatest impact in affecting foliar carotenoid composition in 
younger leaf tissues, which agrees with the previous observations (Figure 5.13). 
Collectively, older leaves can maintain a steady-state level of plastid turnover and 
pigments in response to environmental changes demonstrating that young leaves are 
amenable to fine-tune carotenoid homeostasis when exposed to environmental 
conditions that perturb plastid development. 
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Figure 5.14 Proportions of the major foliar carotenoids in young and old leaves of 
Arabidopsis exposed to the different conditions of light, temperature and norflurazon.  
(A) dark, (B) 32 oC, (C) 7 oC, and (D) norflurazon. The three-week-old long photoperiod 
(16/8 h, light/dark, 22/18 oC temperature) grown Arabidopsis rosettes were detached from the 
rootstock and transferred to the petridish containing a kimwipe paper moistened with 10ml 
water or norflurazon (50 μM)/plate. Five petridishes each comprising 3-4 rosettes were 
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transferred to 22 oC (control) or 32 oC or 7 oC under continuous light for 24 hours, and 
another set was transferred to the continuous dark at 22 oC. Arabidopsis trays were kept in the 
dark for 5 hours before transferring plants to the petridishes. Norflurazon treatment was 
conducted in continuous light. After 24 hours, early emerged (leaf 1-2, old) and recently 
emerged leaf (leaf 9-11, young) samples were collected from all test groups, and carotenoid 
content was measured using HPLC. Plots represent the mean values with the standard error of 
means (n=4) from a representative dataset of the two independent experimental repetitions. 
Letter codes in plots indicate the level of statistical variation (p<0.05) in carotenoid content 
within leaf types across the treatment groups as determined by Two-Way ANOVA with 
Holm-Sidak post-hoc multiple comparisons. 
5.3.11 Chlorophyll content declines similar to carotenoids during leaf maturation 
Changes in carotenoid content are usually closely coordinated with the 
chlorophyll content as both pigments are tightly integrated into photosystems within 
thylakoids and packaged in a balanced ratio in chloroplasts. I firstly quantified the 
changes in chlorophyll content in mutants that impair carotenoid biosynthesis. Like 
carotenoids, the level of total chlorophyll, Chl a, and Chl b decreased significantly in 
older leaves from WT and most of the mutants (Figure 5.15 A-D). In contrast, 
younger leaves of crtiso displayed the significantly reduced chlorophyll content, 
which was similar to that of older leaves of both crtiso and WT (Figure 5.15 A-D). 
The decreased level of chlorophyll content in young leaves of crtiso resembled the 
changes in total carotenoid content during leaf maturation (Figure 5.5). Like 
carotenoids, overexpression of CRTISO enhanced chlorophyll content in young 
leaves, whereas that of old leaves was unaffected (Figure 5.15 A-C). While the loss in 
ZISO function (ziso) did not impact chlorophyll content in young or old leaf types, the 
percentage reduction in chlorophyll content during leaf maturation was marginally 
lower, keeping in agreement with previous observations where ziso caused a slight 
decline in the carotenoid content in younger leaves (Figure 5.3). Like carotenoids, 
overexpression of PSY did not affect the chlorophyll content regardless of the leaf 
type (Figure 5.15 A-C). The reduction in the level of chlorophyll pool in old leaves 
compared to young leaves indicates a common factor governing the level of both 
carotenoids and chlorophylls in Arabidopsis leaves. 
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I next quantified the changes in chlorophyll a/b (Chl a/b) and 
chlorophyll/carotenoid (Chl/Car) ratios in both young and old leaves of mutants that 
impair carotenoid biosynthesis to interrogate the level of pigments with the functional 
state of leaves. Like WT, both Chl a/b and Chl/Car ratios were higher in older leaves, 
regardless of the mutant background, despite the reduced levels of both chlorophylls 
during leaf maturation in crtiso plants (Figure 5.15 D, E, F). Interestingly, Chl/Car 
ratio was significantly increased in the young leaves of crtiso compared to WT, 
whereas remained unchanged in old leaves (Figure 5.15 F). Overall, the reduced level 
of chlorophyll content in fully expanded leaves follows an identical trend to that of 
carotenoids across the different genotypes. Therefore, a common factor controlling 
chloroplast development could impact both carotenoid and chlorophyll accumulation 
simultaneously during leaf aging. 
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Figure 5.15 Chlorophyll content in young and old leaves of carotenoid biosynthetic pathway 
impaired and overexpression lines of Arabidopsis.  
(A) Chlorophyll a content, (B) Chlorophyll b content, (C) Total chlorophyll content, (D) 
Difference in chlorophyll content (%) in young leaves compared to old leaves (E) Chlorophyll 
a/b ratio, and (F) Total chlorophyll / Total carotenoid ratio. The leaf#3 samples were collected 
on day 14 (young) and day 29 (Old) after stratification (DAS), and chlorophyll content was 
measured using HPLC. Plots represent the mean values with the standard error of means 
(n=4) from a representative dataset of the two independent experimental repetitions. Letter 
codes in plots indicate the level of statistical variation (p<0.05) in the respective test 
parameter within leaf types across the germplasm as determined by Two-Way ANOVA 
adopting Holm-Sidak post-hoc multiple comparisons. ziso and crtiso are loss of function 
mutants in ζ-CAROTENE ISOMERASE and CAROTENOID ISOMERASE respectively. PSY-
OE and CRTISO-OE lines are 35S::AtPSY line#23 (Maass et al., 2009) and 35S::AtCRTISO 
(Cazzonelli et al., 2010). Tot chl, Total chlorophyll content; Tot car, Total carotenoid content; 
chl a, chlorophyll a; chl b, chlorophyll b. 
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5.3.12 Environmental factors alter chlorophyll content as carotenoids during leaf 
maturation 
I reasoned that if chlorophyll and carotenoid content changed in WT and 
carotenoid mutants correspondingly, different environmental treatments could have 
similar effects on the chlorophyll content and functional relationship between 
chlorophyll and carotenoid ratios. To test this, I quantified chlorophyll contents in 
both young and old leaves from the Arabidopsis rosettes exposed to extended dark, 
temperature variation (warm and cold) as well as norflurazon treatment. Like 
carotenoids, dark, cold, and norflurazon treatments decreased both Chl a and b 
content, therefore, total chlorophyll content in young leaves to the levels as old leaves 
(Figure 5.16 A, C, D). The warm temperature (32 oC) caused a subtle yet significant 
decrease in the level of chlorophyll content in young leaves; however, the effect was 
lower than in dark, cold, and norflurazon (Figure 5.16 B). As observed in carotenoids, 
both Chl a and b content of the old leaves was unaffected regardless of the treatment 
conditions (Figure 5.16 A-D). Interestingly, unlike the light-grown plants, Chl a/b 
ratio of dark exposed plants was similar in both young and old leaves indicating a 
pronounced effect of the darkness in regulating photosynthetic pigment homeostasis 
in leaves. Like normally grown plants, relatively lower Chl a/b ratio in young leaves 
was unaffected in cold, warm, and norflurazon treated leaves (Figure 5.16 B-D). In 
summary, environmental perturbation affected the chlorophyll content as of 
carotenoids, indicating that cold, darkness, and norflurazon can affect plastid 
biogenesis in young leaves undergoing cell division and expansion. 
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Figure 5.16 Chlorophyll content in young and old leaves of Arabidopsis exposed to different 
light and temperature conditions and norflurazon.  
(A) dark, (B) 32 oC, (C) 7 oC, and (D) norflurazon. The three-week-old long photoperiod 
(16/8 h, light/dark, 22/18 oC temperature) grown Arabidopsis rosettes were detached from the 
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rootstock and transferred to the petridish containing a kimwipe paper moistened with 10 ml 
water or norflurazon (50 μM)/plate. The soil-grown intact plants were kept in the dark for 5 
hours before transferring rosettes to the perishes. The dark-adapted plants were transferred to 
the petridishes under the green light conditions. Five petridishes each comprising 3-4 rosettes 
were transferred to 22 oC or 32 oC or 7 oC under continuous light for 24 hours, and another set 
was transferred to the continuous dark at 22 oC. Norflurazon treatment was conducted under 
continuous light at 22 oC. After 24 hours, early emerged leaf (leaf 1-2, old) and recently 
emerged leaf (leaf 9-11, young) samples were collected from all test groups. Carotenoid and 
chlorophyll content was measured using HPLC. The chlorophyll concentration was 
determined in terms of microgram per gram fresh weight (μg/gfw) of the leaf tissue. Plots 
represent the mean values with the standard error of means (n=4) from a representative 
dataset of the two independent experimental repetitions. Letter codes in plots indicate the 
level of statistical variation (p<0.05) in the respective test parameters within leaf types across 
the treatment groups as determined by Two-Way ANOVA adopting Holm-Sidak post-hoc 
multiple comparisons. 
I next examined whether Chl/Car ratios in young and old leaves were different 
in Arabidopsis plants exposed to short-term environmental perturbations. 
Interestingly, Arabidopsis plants exposed to continuous light, dark, 32 oC, and 7 oC 
for 24 hours demonstrated the age-dependent changes in Chl/Car ratios. Under 22 oC 
temperature and constant light for 24 hours, the ratio of total Chl/Car was similar in 
both young and old leaf types (Figure 5.17 B, C, D) except significantly higher 
Chl/Car ratio in the old leaves from one of the experimental replicates (Figure 5.17 
A). At the level of individual carotenoids, Chl/Lut and Chl/Vio ratios were 
significantly lower (Figure 5.17 A-D), whereas Chl/β-car ratio was higher in young 
leaves and Chl/Neo ratio was similar in both leaf types under normal conditions 
(Figure 5.17 A-D). Like Chl a/b ratio, the differential Chl/Car ratios in young and old 
leaves indicate the state of leaf maturity altering the functional homeostasis of both 
chlorophyll and carotenoid pool in leaves. 
The exposure of Arabidopsis rosettes to continuous darkness, high and low 
temperature, and norflurazon demonstrated that the ratio of total and individual 
carotenoids, relative to the total chlorophyll content, was significantly changed in 
young, but not older, leaves. In the darkness, cold, and norflurazon exposed plants, 
the ratios of all four carotenoids to the total chlorophyll content were increased in 
young leaves in comparison to the control plants exposed to the continuous light and 
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22 oC temperature (Figure 5.17 A, C, D). Among others, norflurazon caused the most 
pronounced increase in the ratios of all four carotenoids (Figure 5.17 D). In contrast, 
all carotenoids to chlorophyll ratios were decreased in the young leaves of high 
temperature exposed plants, which was corresponding to the decrease in chlorophyll 
content, but unchanged carotenoid content (Figure 5.17 B). Strikingly, all Chl/Car 
ratios were unaffected in old leaves regardless of the environmental treatments 
(Figure 5.17 A-D) except a significant increase in Chl/Vio ratio in the cold exposed 
old leaves (Figure 5.17 C). Taken together, both carotenoid and chlorophyll contents, 
ratios and composition followed a similar trend in young leaves in response to 
environmental and chemical perturbations. Old leaves appeared more resilient in 
maintaining both carotenoid and chlorophyll composition and ratios, indicating that 
the state of chloroplast development is likely to play a crucial role in determining the 
overall pigment levels in foliar tissues during leaf maturation in Arabidopsis. 
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Figure 5.17 Carotenoid to total chlorophyll ratio in response to leaf age and environmental 
treatments.  
(A) dark, (B) 32 oC temperature, (C) 7 oC temperature, and (D) norflurazon. The three-week-
old long photoperiod (16/8 h, light/dark, 22/18 oC temperature) grown Arabidopsis rosettes 
were detached from the rootstock and transferred to the petridish containing a kimwipe paper 
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moistened with 10 ml water or norflurazon (50 μM)/plate. The soil-grown intact plants were 
kept in the dark for 5 hours before transferring rosettes to the petridishes. The dark-adapted 
plants were transferred to the petridishes under the green light conditions. Five petridishes 
each comprising 3-4 rosettes were transferred to 22 oC or 32 oC or 7 oC under continuous light 
for 24 hours and another set was transferred to the continuous dark at 22 oC. Norflurazon 
treatment was conducted under continuous light at 22 oC. After 24 hours, early emerged leaf 
(leaf 1-2, old) and recently emerged leaf (leaf 9-11, young) samples were collected from all 
test groups. Carotenoid and chlorophyll content was measured using HPLC and ratios were 
calculated. Plots represent the mean values with the standard error of means (n=4) from a 
representative dataset of the two independent experimental repetitions. Letter codes in plots 
indicate the level of statistical variation (p<0.05) in the respective test parameters within leaf 
types across the treatment groups as determined by Two-Way ANOVA adopting Holm-Sidak 
post-hoc multiple comparisons. Chl; Chlorophyll, Car; Carotenoid, Lut; Lutein, β-car; β-
carotene, Vio; Violaxanthin, Neo; Neoxanthin. 
5.4 Discussion 
Leaf development accommodates a plethora of structural and functional changes 
at the cellular, physiological, and morphological level. In Arabidopsis, many 
developmental attributes of leaves are controlled at the level of vegetative phase such 
as leaf morphology (Boyes et al., 2001), emergence of abaxial trichomes (Kerstetter 
and Poethig, 1998; Poethig, 2013), and the structure of phloem parenchyma cell walls 
(Tsukaya et al., 2000; Nguyen et al., 2017). Arabidopsis leaves change their phase 
identity as the plants grow. Seedlings emerge with cotyledons (embryonic leaves), 
which subsequently produce the true leaves forming a rosette. The first two pairs of 
rosette leaves are, usually, considered as the juvenile leaves, which are round in shape 
with long petiole and lack abaxial trichomes. The following 1-2 pairs of leaves 
represent the transition phase, and later-emerged rosette leaves are adult phase leaves, 
which are elongated in shape with abaxial trichomes (Poethig, 1997; Nguyen et al., 
2017). Strikingly, all leaves retain ontogenic phase identities throughout their lifespan 
regardless of a wide range of developmental changes from young through maturation 
to the senescence (Nguyen et al., 2017). During the leaf development, many notable 
changes occur at cellular and subcellular level regardless of the leaf phase such as the 
rapid cell division in recently emerged and younger leaves progresses with an 
extensive cell expansion leading to the leaf maturation. Accompanying cellular 
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changes are the differentiation and development of chloroplasts such that the mature 
chloroplasts in a mature leaf become conspicuously larger and comprise fully 
developed thylakoid network (Gonzalez et al., 2012; Gugel and Soll, 2017). While 
pieces of evidence available linking chlorophyll biosynthesis and plastid 
development, the control over carotenoid homeostasis during leaf development 
remains unclear.  
In leaves, carotenogenesis is tightly associated with the biogenesis, 
differentiation, turnover, and operational control of chloroplasts. There are intrinsic 
developmental and external environmental cues that can affect chloroplast 
development and functions, including pigment biosynthesis and accumulation during 
leaf development (Rudowska et al., 2012; Jarvis and Lopez-Juez, 2013). For example, 
leaf senescence triggers chloroplast disintegration, decreases chlorophyll content, and 
alters the composition of photosynthetic complex consequently decreasing the 
photosynthetic efficiency of the leaf (Matile et al., 1999; Lim et al., 2007; Nath et al., 
2013).  
The foliar carotenoid content needs to be well balanced during cell division and 
plastid biogenesis to ensure an optimum composition that maintains a steady-state of 
photosynthesis in leaves until the onset of senescence (Biswal, 1995). The carotenoid 
content has been shown to decrease with the onset of leaf senescence, as observed in 
tobacco (Whitfield and Rowan, 1974), which is mostly due to the disintegration of 
chloroplasts (Lim et al., 2007) and enzymatic oxidation of carotenoids (Rottet et al., 
2016). In concert with Stessman et al. (2002), I observed, in Chapter 2, surprisingly 
high level of foliar carotenoids (>60%) in recently emerged younger leaves, which 
was declined during leaf maturation (Dhami et al., 2018). This data opened the 
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questions regarding what processes might control carotenoid homeostasis 
orchestrating the leaf developmental changes and environmental perturbations.  
I performed molecular and metabolic analysis using a wide array of carotenoid 
genetic mutants, overexpression lines, and chemical inhibitors of carotenogenesis to 
unveil the mechanism that underpinned the accumulation of strikingly higher level of 
foliar carotenoids in young leaves and gradual decline during leaf maturation. I 
undertook the following scenarios into consideration to interrogate the carotenoid 
profile from the different genotypes and in response to environmental and chemical 
perturbations. i) how does the difference in plastid structure, size, and density in 
immature and mature cell types affect photosynthetic pigment biosynthesis and 
accumulation in leaves? ii) how can younger leaves comprising poorly developed 
chloroplasts synthesise and/or accumulate high levels of carotenoids and vice versa in 
older leaves? iii) how do leaf developmental phase (ontogenic) identities impact foliar 
carotenoid pool during leaf maturation? iv) how do carotenoid biosynthesis and 
degradation pathways equilibrate to maintain the functional state of carotenoid pool in 
young and mature leaves? v) what impacts do apocarotenoid and retrograde signals 
impose to chloroplast differentiation and disintegration during leaf maturation? vi) are 
there differences in chloroplast operational control between young and old leaves 
impacting photosynthetic pigment homeostasis? vii) are their differences in 
isoprenoid substrate supply into the carotenoid pathway altering steady-state 
thresholds of foliar carotenoid pool in young and old leaf types. The following 
sections address the likelihood of above scenarios in the context of how mutants and 
overexpression lines together with the chemical and environmental treatments, 
individually or in a concert, finetune the content, ratios, and composition of both 
carotenoid and chlorophyll in Arabidopsis leaves undergoing a series of structural and 
functional changes during maturation. 
190 
 
5.4.1 Leaf developmental phase identities do not affect the foliar carotenoid 
content 
The morphometrics and molecular biology of leaf vegetative phase transition 
have been rigorously studied in Arabidopsis revealing some miRNAs and SPL 
transcription factors which control juvenile to adult and vegetative to reproductive 
phase transitions (Xu et al., 2016; Guo et al., 2017). Interestingly, miRNA156 has 
been shown to not only control leaf vegetative phase transition by guiding the 
regulation of SPL15, but increased carotenoid content in the seeds of miRNA156 
overexpressing Arabidopsis (Wei et al., 2012) and B. napus (Wei et al., 2010). The 
molecular mechanism for miR156 and SPL transcription factors in guiding the 
regulation of carotenogenesis remain unknown. In chapter 2, I demonstrated that 
cotyledon, juvenile, and adult phase leaves had higher carotenoid content when they 
were younger, however, among the different phase leaves, carotenoid content was 
higher in the youngest adult phase leaves compared to the youngest cotyledons or 
juvenile leaves (Dhami et al., 2018), indicating that the developmental phase identity 
could affect carotenoid accumulation in Arabidopsis leaves. Here, I revealed that even 
though there was a 4-14-fold higher transcript abundance of SPL15 in young leaves 
compared to old (Figure 5.1 C-D), the loss-in-function of spl15 did not affect foliar 
carotenoid content. Similarly, overexpression of miR156, which would be expected to 
reduce the SPL15 protein levels, showed a typical age-dependent decrease in 
carotenoid content in old leaves (Figure 5.2). Likewise, the decline in carotenoid 
content in fully expanded leaves was unaffected in spl15 mutant or miR156 
overexpression lines that control leaf vegetative phase development. As such, changes 
in leaf developmental phase identities do not appear to play a role in controlling foliar 
carotenoid content during Arabidopsis leaf development. 
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5.4.2 Enzymatic degradation is not responsible for declining carotenoid content 
in older leaves 
The enzymatic and non-enzymatic degradation of various carotenoids produces 
a wide array of apocarotenoids that perform many novel biological functions in plants 
including developmental programming and environmental stress acclimation (Beltran 
and Stange, 2016; Hou et al., 2016). The enzymatic oxidation of β-carotene is the 
main route of carotenoid turnover in plants (Beisel et al., 2011), whereas the linear 
chain carotenes such as phytoene, phytofluene, and prolycopene and xanthophylls are 
relatively stable against oxidative cleavage (Harrison and Bugg, 2014; Schaub et al., 
2018). Among the known CCDs and NCEDs, CCD4 is a major negative regulator of 
β-carotene content (Gonzalez-Jorge et al., 2013). Also, the number and size of 
plastoglobuli, which are the sites of CCD4 localisation and carotenoid degradation, 
are much larger in older leaves (Brocard et al., 2017) favouring carotenoid 
degradation as observed in the senescing leaves of Arabidopsis (Rottet et al., 2016). 
The seed-derived callii of ccd1 and ccd4 accumulated a higher level of carotenoids 
than WT (Schaub et al., 2018) implicating the absence of enzymatic degradation of 
carotenoids. In agreement with the above evidence, the substantially higher transcript 
abundance of CCD4 (13-24 fold) and CCD1 (~2-fold in the older leaves (Figure 5.1 
C-D) indicated that a higher rate of enzymatic degradation of carotenoids may be 
responsible for the decline in the foliar carotenoid levels during leaf maturation. 
However, analysis of carotenoid content in single and double mutants of CCD1, 
CCD4, and CCD7, as well as CCD4-OE plants, also demonstrated the age-dependent 
decline in all foliar carotenoids (Figure 5.3) confirming the fact that the age-related 
decline in carotenoid content in Arabidopsis leaves was independent of the CCD 
driven enzymatic cleavage. Also, plastoglobuli (PG) are the sites of CCD4 activity; 
therefore, the degradation of carotenoids (Rottet et al., 2016). However, a 
substantially higher level of carotenoids in young leaves of fib4 mutant, which is 
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impaired in plastoglobuli development (Figure 5.3), substantiate that the age-
dependent decrease in foliar carotenoid content was independent of PG and CCD4. To 
rule out any redundancy among the multiple CCDs, I utilised D15 as a chemical 
inhibitor of CCD activity (Van Norman et al., 2014) to compare pigment levels in 
young and old cotyledons from the Arabidopsis seedlings treated with D15. The 
carotenoid content was substantially decreased in D15 treated cotyledons during 
maturation (Figure 5.4), corroborating the age-related decline in carotenoid content in 
leaves, hence, confirmed that the age-dependent decrease in carotenoid content was 
independent of CCD activity. The substantially higher CCD transcript levels in older 
leaves, compared to young, indicates the alternative functions of CCD4 in carotenoid 
turnover and apocarotenoid generation during the leaf maturation which needs further 
exploration. 
5.4.3 Carotenoid and chlorophyll content are co-regulated during leaf 
maturation 
In plants, carotenoid biosynthesis is independent of the light availability as 
many carotenoids can accumulate in the non-photosynthetic tissues such as dark-
grown cotyledons, fruits and roots (Rodriguez-Villalon et al., 2009). In leaves, light 
availability together with plant’s developmental transitions makes the carotenoid 
profile more diverse exhibiting a wide array of structural and conformational 
modifications (Fuentes et al., 2012). In contrast, light availability explicitly affects 
chlorophyll biosynthesis and chloroplast development as chlorophylls absorb and 
transform light energy into chemical energy-generating ATP and NADPH during 
photosynthesis (Croce and van Amerongen, 2014). The optimisation of chlorophyll 
pool can improve photosynthetic efficiency of leaves as evidenced in Arabidopsis (Jin 
et al., 2016). However, like carotenoids, age-dependent decrease in chlorophyll 
content (Figure 5.15 and 5.16) corroborates the previous reports demonstrating lower 
pigment pool in old leaves (Stessman et al., 2002; Stettler et al., 2009). The 
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concurrent reduction in the level of carotenoids and chlorophylls in the norflurazon 
treated young leaves (Figure 5.11 and 5.15) indicates a similar strategy controlling the 
biosynthesis of both carotenoids and chlorophylls. Likewise, similar effect of 
darkness and, warm and cold conditions on the level of both carotenoids and 
chlorophylls of young leaves (Figure 5.13, 5.15, and 5.16) substantiate that a common 
mechanism underpinning the decline in pigment content in older leaves.  
The change in chlorophyll status, particularly Chl a/b ratio is an empirical 
measure conventionally used to determine the photosynthetic efficiency in response to 
the fluctuation in light intensity (Dale and Causton, 1992). The higher Chl a/b ratio 
corresponds with higher photosynthetic efficiency, as observed in Arabidopsis leaves 
(Jin et al., 2016). However, higher Chl a/b ratio in old leaves (Figure 5.15) was 
contrasting to the predictions made by Jin et al. (2016) as the mature leaves of 
Arabidopsis were photosynthetically less efficient than young leaves as revealed by 
Stessman et al. (2002). Instead, higher Chl a/b ratio is much convincing indicator of 
the leaf level nitrogen limitation or N-translocation during the leaf maturation 
(Kitajima and Hogan, 2003). It is obscure how the fully expanded (older) leaves 
achieve optimum photosynthetic efficiency as they comprise much lower chlorophyll 
and carotenoid content than young leaves, which needs further experimentation.  
In contemporary research, the ratio of total chlorophyll and carotenoid content 
(Chl/Car) has been increasingly utilised to predict the pigment dynamics and 
photosynthetic activity at the leaf or stand scale particularly in the evergreen trees 
(Gamon et al., 2016). In conifers, for example, the Chl/Car ratio and photosynthetic 
rate both decreased synchronously during winter and recovered in summer indicating 
the usefulness of Chl/Car ratio to oversee pigment dynamics and photosynthetic 
activity in response to environmental alterations (Gamon et al., 2016). In young 
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leaves of Arabidopsis, Stessman et al. (2002) demonstrated the higher rate of 
photosynthesis corresponding to the high pigment and protein content in comparison 
to the old leaves. However, lower values of Chl/Car as well as Chl/Neo, Chl/Vio, and 
Chl/Lut in young leaves of Arabidopsis as observed in this study (Figure 5.17) are, 
again, contrasting to the assumptions made by Gamon et al. (2016). Also, the similar 
Chl/β-car ratio in young and old leaves (Figure 5.17) indicates the stochastic 
functional interaction of individual carotenoids and chlorophylls, perhaps in the leaf-
age dependent manner. Likewise, the pronounced increase in Chl/Car ratio (total and 
individual) in young leaves, but not the old leaves, in response to norflurazon 
treatment (Figure 5.17) highlights the leaf age-dependent functional strategies to 
maintain the pigment homeostasis. The differential effect of darkness, cold and warm 
temperature, and norflurazon treatment on the Chl/Car ratios of young and old leaves 
(Figure 5.17) substantiates the leaf-age dependent strategies regulating both 
carotenoid and chlorophyll pool in Arabidopsis leaves. Collectively, the concurrent 
reduction in both carotenoid and chlorophyll content in old leaves reveals that the cell 
and/or chloroplast density and developmental stages are likely to underpin the 
physiological requirements to accumulate the optimum amount of photosynthetic 
pigments, which needs to explore further. 
5.4.4 CRTISO regulates a cis-carotene derived apocarotenoid signal that affects 
chloroplast development in young leaf tissues 
PSY is an evolutionarily conserved enzyme commencing carotenogenesis in all 
carotenogenic organisms (Dogbo et al., 1988; Han et al., 2015). The fact that the 
overexpression of PSY increased carotenoid content in seed-derived calli (Alvarez et 
al., 2016) and roots (Maass et al., 2009) of Arabidopsis, but not in leaves (Figure 5.5), 
demonstrated the tissue-specific regulation of PSY. As Arabidopsis genome comprises 
a single PSY gene, the tissue-specific regulation of PSY and, therefore, 
carotenogenesis can be regulated at the level of transcription (Maass et al., 2009; 
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Sugiyama et al., 2017), translation (Alvarez et al., 2016), and post-translation (Zhou et 
al., 2015; Ruiz-Sola et al., 2016). Also, The functional interactions of PSY and other 
regulatory proteins such as OR, GGPPS11, and Clp proteases can affect stability and 
efficiency of PSY (Zhou et al., 2015; Ruiz-Sola et al., 2016; Welsch et al., 2018). The 
similar level of PSY transcripts in both young and old leaves (Figure 5.1) and the 
same level of foliar carotenoids in young or old leaves of WT and PSY-OE (Figure 
5.5) revealed that the age-related changes in the foliar carotenoid pool is independent 
of PSY transcription and/or PSY protein level. 
The structural development of chloroplast plays a crucial role in 
compartmentalisation and functional activation of carotenogenesis regulatory 
enzymes as well as carotenoid accumulation within chloroplasts. Most importantly, 
PSY localisation and activation occurs in thylakoid membranes and plastoglobuli 
(Shumskaya et al., 2012). Also, light availability causes profound impacts on PSY 
localisation and activity such as the functionally inactive PSY accumulates in PLBs in 
etioplasts, and light exposure activates and relocates PSY to thylakoid membranes 
commencing carotenogenesis (Welsch et al., 2000). The substantially higher level of 
carotenoid and chlorophyll content in young leaves, regardless of the carotenoid 
metabolic pathway impaired mutants and overexpression lines (Figure 5.3 and 5.5), 
suggests chloroplasts from the actively dividing and expanding cells of young leaves 
can favour carotenogenesis and/or carotenoid accumulation compared to the fully 
developed chloroplasts from the fully expanded cells in the mature leaves. 
Lutein and β-carotene are the major antenna carotenoids accounting for nearly 
50 % and 25 % respectively, and both displayed age-dependent decrease as the leaves 
become older in the plants grown under normal environmental and genetic conditions. 
Interestingly, etiolated seedlings, as well as the young leaves and floral buds of the 
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short photoperiod grown crtiso plants, accumulate cis-carotenes and both produce 
impaired PLBs perturbing plastid biogenesis (Park et al., 2002; Cazzonelli et al., 
2019). However, light exposure facilitates the photoisomerisation of tetra-cis-
lycopene into all-trans-lycopene and restores both carotenogenesis and plastid 
development (Park et al., 2002). The similar or even higher level of phytoene 
accumulation in norflurazon treated crtiso leaves compared to the respective leaves 
from WT (Figure 5.9) demonstrates the regular supply of isoprenoid precursors and 
PSY activity in crtiso leaves under light exposure. As the light exposure restores PLB 
formation and chloroplasts development in crtiso leaves (Park et al., 2002), 
restoration of WT-like carotenoid profile in crtiso leaves can be expected in long 
photoperiod-grown crtiso plants, at least in the mature leaves. In agreement with the 
photoisomerisation, the level of total carotenoid was restored to that of WT in old 
leaves of crtiso, however, the level of individual carotenoids mainly lutein was not 
restored (Figure 5.4).  
Whilst traces of phytoene were observed in the young leaf tissues of long 
photoperiod grown crtiso plants, nearly 80 % and 60 % reduction in lutein content in 
young and old leaves respectively of crtiso, compared to WT, (Figure 5.5 and 5.6) 
suggests that photoisomerisation can restore PLB formation and chloroplast 
functioning but not the lutein biosynthesis. In old leaves, restoration of WT-like total 
carotenoid content, regardless of the reduced lutein, was compensated by the 
corresponding enrichment in β-chain carotenoids including β-carotene, zeaxanthin, 
antheraxanthin, and violaxanthin (Figure 5.5 and 5.6) implicating the metabolite flux 
shift into the β-branch of carotenoid biosynthesis attaining physiologically functional 
state of chloroplasts in mature leaves, under light exposed conditions. Intriguingly, 
unlike old leaves, young leaves of crtiso were functionally ineffective to resume 
either total or specific carotenoid content to the level of young leaves of WT (Figure 
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5.5 and 5.6). The substantially reduced but similar lutein content and marginally 
increased but same β-carotene content in both young and old leaves of crtiso supports 
the hypothesis that the change in carotenoid profile in crtiso leaves is independent of 
the ultrastructural changes or biogenesis of chloroplasts. Instead, these data reinforce 
the evolutionarily conserved function of CRTISO regulating carotenoid pathway flux 
into α- and β-carotenoids maintaining carotenoid homeostasis in photosynthetic 
tissues.  
Downstream of CRTISO, the moderately higher transcript abundance of LCYE 
and LCYB in young and old leaves, respectively, (Figure 5.1 D) indicates that the 
differential rate of cyclisation of all-trans-lycopene into α- and β-carotenoids could 
affect the pathway flux in an age-related manner. Interestingly, the downregulation of 
LCYE transcription in crtiso leaves coincides the reduction in the lutein content 
(Cazzonelli et al., 2019). However, decrease in foliar carotenoids, both total and 
individual, in the old leaves from the mutants lacking lutein such as lut2, lut2 npq2, 
and aba4 npq1 lut2 (Figure 5.7) implicates the insufficient role of LCYE or 
xanthophyll pool determining the age-related changes in foliar carotenoid content. 
Exploring what down-regulates the LCYE expression and lutein accumulation in light-
grown crtiso leaves can provide the next level explanation to why photoisomerisation 
of tetra-cis-lycopene into all-trans-lycopene within the fully functional chloroplasts is 
unable to restore WT-like lutein level. Also, in WT, reduced LCYE and increased 
LCYB transcripts in old leaves alludes the reduction and increase in lutein and β-
carotene proportion in the old leaves (Figure 5.14). The inverse change in lutein and 
β-carotene ratios in young and old leaves indicates the pathway flux shift toward β-
carotenoids in old leaves potentially favouring the carotenoid turnover and 
apocarotenoid production, which needs further exploration.  
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The altered carotenoid profile in crtiso leaves provided the substantial evidence 
of carotenoid pathway flux shift into α- and β-branch carotenoid biosynthesis in both 
young and old leaves, however, a factor that controls the high and low level of 
carotenoid accumulation in young and old leaves, respectively, was still unclear. 
Therefore, I asked whether the bacterial CAROTENOID ISOMERASE (CrtI) 
overexpression that bypasses the cis-carotene biosynthesis steps (Romer et al., 2000), 
can restore a WT-like carotenoid profile in crtiso background. However, a typical 
age-related decline in the level of carotenoids in CrtI overexpressing transgenic lines 
(Figure 5.6) provided additional insights that the cis-carotene biosynthetic pathway 
including CRTISO are no longer responsible for regulating the age-dependent 
changes in foliar carotenoid pool. Nonetheless, a similar trend in the level of both 
carotenoid and chlorophyll in crtiso leaves implicates the developmental state of 
chloroplasts determines the foliar carotenoid pool during leaf maturation.  
5.4.5 Young leaves synthesise a substantially higher level of phytoene  
The availability of isoprenoid precursors mainly GGPP produced via MEP 
pathway and active PSY are the prerequisites that determine the fate of carotenoid 
biosynthesis (Lois et al., 2000; Rodriguez-Concepcion et al., 2001). The protein-
protein interaction of PSY and GGPPS11 strictly controls the allocation of GGPP 
toward the phytoene biosynthesis (Ruiz-Sola et al., 2016). Increase in IPP and 
DMAPP by overexpressing DXS enhanced the carotenoid content in tomato (Lois et 
al., 2000; Rodriguez-Concepcion et al., 2001), carrot (Simpson et al., 2016), and 
Corynebacterium glutamicum (Heider et al., 2014). Likewise, overexpression of a 
sweet potato GGPP synthase gene (IbGGPPS) in Arabidopsis increased the foliar 
carotenoid content (Chen et al., 2015). GGPPS11 also interacts with GGPPS12 
controlling metabolite flux toward the terpenoid biosynthesis (Chen et al., 2015). 
Interestingly, impairing GGPPS11, but not GGPPS12, reduced the carotenoid content 
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in Arabidopsis leaves (Chen et al., 2015) indicating GGPPS12 a less likely candidate 
affecting carotenoid biosynthesis. However, Chen and co-workers found that 
GGPPS12 specifically interact with GGPPS11 facilitating monoterpene biosynthesis, 
particularly during flowering (Aharoni et al., 2003; Chen et al., 2003). Although 
Arabidopsis leaves produce a little of terpenoids (Huang et al., 2010; Blanch et al., 
2015), higher transcript level (~5-fold) of GGPPS12 in old leaves (Figure 5.1) 
indicates a possibility of precursor channelling toward terpene biosynthesis, therefore, 
limiting the precursor availability for carotenoid biosynthesis as the leaves become 
older, which needs further exploration.  
The isoprenoid substrate availability and PSY activity strictly control the rate of 
phytoene biosynthesis (Rodriguez-Villalon et al., 2009). The substantially higher (~3-
fold) amount of phytoene accumulation in young leaves of WT Arabidopsis, in 
response to norflurazon treatment (Figure 5.9 C), revealed the enhanced biosynthesis 
of carotenoids in young leaves. Again, a similar level of phytoene accumulation in 
young or old leaves of WT and PSY-OE (Figure 5.9 A, C) confirmed that PSY 
transcription or PSY protein level does not affect carotenogenesis in an age-dependent 
manner in Arabidopsis leaves. Also, higher level of phytoene accumulation in the 
young leaves of ziso, crtiso, lut2, ccd4, ccd7, ccd4 ccd7, and CCD4-OE lines 
compared to the old leaves of the respective lines (Figure 5.9 A-D) disqualified all the 
speculations, which suggest carotenoid biosynthetic or enzymatic oxidation pathways 
as the potential modulators of carotenoid homeostasis during the Arabidopsis leaf 
maturation. Indeed, nearly 90 % and 60 % higher level of phytoene accumulation in 
young leaves of ziso and crtiso, respectively, compared to WT (Figure 5.9 A) was 
intriguing, which indicates a feedback upregulation of phytoene biosynthesis 
plausibly intended to compensate the perturbation in the pathway immediately after 
PSY, which needs further exploration. Collectively, the higher level of phytoene 
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accumulation in young leaves in response to norflurazon treatment, regardless of the 
genetic background, demonstrates that young leaves of Arabidopsis, which comprise a 
high density of actively dividing cells and chloroplasts, are much efficient system for 
carotenoid biosynthesis and accumulation.  
5.4.6 Plastid development in young leaves is highly sensitive to cold, darkness, 
and norflurazon  
In leaves, the carotenoid profile can be instantly finetuned to endure 
environmental alterations such as fluctuations in light (Couso et al., 2012) and 
temperature (Dumas et al., 2003) regimes. Intriguingly, a rapid decrease in the level 
of foliar carotenoids and chlorophylls of young leaves to the level of old leaves in the 
dark, cold, and norflurazon exposed plants (Figure 5.14) indicated the strong effect of 
environmental conditions altering chloroplast development and photosynthetic 
pigment biosynthesis and/or accumulation in an age-dependent manner. Despite lower 
phytoene and carotenoid levels, older leaves were highly resilient in maintaining the 
threshold level of the carotenoid pool, regardless of the darkness, cold, and 
norflurazon treatment. The mechanism of leaf-age dependent homeostasis of foliar 
carotenoids are unclear; however, a plausible scenario is that the darkness, cold, and 
norflurazon all can negatively affect chloroplast biogenesis in young leaves; therefore, 
both carotenoid and chlorophyll content was reduced. Alternatively, the downsizing 
of isoprenoid precursor pool or reduction in the precursor flux into the carotenoid 
biosynthesis in response to the darkness, cold, and norflurazon exposed leaves can 
limit the carotenogenesis in young and poorly developed chloroplasts.  
In addition, some studies reported the functional modification of carotenoids 
such as glycosylation as observed in saffron (Li et al., 1999), cyanobacteria 
(Mohamed et al., 2005; Graham and Bryant, 2009), bacteria (Takaichi et al., 1995), 
and actinomycetes (Richter et al., 2015). The glycosylated carotenoids are essential in 
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maintaining cell wall structures and thylakoid organisation as observed in a 
cyanobacterium Synechocystis (Mohamed et al., 2005). In young leaves, there is a 
possibility that the less developed thylakoid network in the incipient chloroplasts 
provide a less favourable environment to sequester the free carotenoids favouring a 
rapid glycosylation and/or esterification of carotenoids (Minguez-Mosquera and 
Hornero-Mendez, 1994; Bunea et al., 2015) and apocarotenoids (Latari et al., 2015). 
Taken together, it is plausible that darkness, cold, and norflurazon can hinder plastid 
biogenesis and ultrastructural development instantly in young leaves, in similar or 
different ways, affecting both biosynthesis and accumulation of both carotenoids and 
chlorophylls.  
5.4.7 Young leaves provide a new model tissue to hunt for intracellular signals 
that control plastid biogenesis and carotenoid metabolism 
The dedicated pathways of carotenoid and chlorophyll biosynthesis are 
independent of each other; however, both rely on the availability of isoprenoid 
precursors and chloroplast development and functioning (Keller et al., 1998; Wang et 
al., 2014; Li et al., 2016; Simpson et al., 2016). Intriguingly, the level of both 
carotenoids and chlorophylls demonstrated a concurrent reduction during the leaf 
maturation (Figure 5.13 and 5.16) indicating a common factor that can control the 
level of both pigments. Light is essential for chloroplast biogenesis and chlorophyll 
biosynthesis in leaves but not for the carotenoid biosynthesis (Sun et al., 2018). Also, 
as observed in etiolated seedlings of crtiso, accumulation of cis-carotenes and/or cis-
carotene derived apocarotenoids can regulate nuclear gene expression, therefore, 
chloroplast and leaf development (Avendano-Vazquez et al., 2014; Alagoz et al., 
2018). For example, the external application of β-cyclocitral, a common 
apocarotenoid derived from β-carotene, induces reprogramming of environmental 
stress-responsive genes and enhance photoprotection against high light stress (Ramel 
et al., 2012). In agreement with Park et al. (2002),  substantial decrease in the level of 
202 
 
lutein with the corresponding increase in β-branch carotenoids (β-carotene, 
violaxanthin, antheraxanthin, and zeaxanthin) in crtiso leaves (Figure 5.5) indicates a 
crucial role of CRTISO in regulating pathway flux into the biosynthesis of α- and β-
branch carotenoids. Also, accumulation of cis-carotenes that impair PLB formation in 
etiolated seedlings and the young leaves from the short photoperiod grown crtiso 
plants demonstrated a crucial role of CRTISO in plastid development and, therefore, 
biosynthesis and accumulation of both carotenoids and chlorophylls (Cazzonelli et al., 
2019).  
The substantially higher level of carotenoid and chlorophyll content in young 
leaves and their sharp decrease during leaf maturation in a wide range of mutants and 
overexpression lines, with altered carotenogenesis, (Figure 5.2, 5.3, 5.5, and 5.6) was 
intriguing, which indicates different strategies regulating the level of foliar pigments 
in young and old leaves. Also, concurrent decrease in both carotenoid and chlorophyll 
content in young leaves, but not in old, in response to darkness, cold, and norflurazon 
treatment highlights that all three conditions may trigger same or different regulatory 
processes but hindering chloroplast development and pigment homeostasis in young 
leaves. In concert with Simkin et al. (2003), absence of phytoene accumulation in 
norflurazon-treated Arabidopsis leaves under darkness (Figure 5.12) demonstrates the 
light-dependent regulation of PSY and carotenogenesis in leaves. Complying with the 
norflurazon-induced inhibition of phytoene desaturation, therefore, phytoene 
accumulation (Figure 5.9), decrease in the level of other foliar carotenoids in response 
to the norflurazon treatment was expected, perhaps, in both leaf types. Interestingly, 
cold exposure neither blocks PSY (unlike darkness) nor PDS (unlike norflurazon) yet 
decreased the pigment level in young leaves, not old, as observed in the darkness and 
norflurazon exposed plants (Figure 5.13 C), which indicates that the developmental 
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state of chloroplast can influence the level of both carotenoids and chlorophylls in 
leaves. 
The foliar pigment content generally corresponds with the cell and chloroplast 
densities in leaves such as higher cell and chloroplast density per unit area can result 
in higher chlorophyll content. The cell and chloroplast size and density are the 
significant structural changes that occur during leaf expansion, and both affect 
photosynthetic pigment biosynthesis and accumulation (Table 1.1). Previous studies 
demonstrated the presence of smaller cells with a high cell density and low 
chloroplast density per cell in young leaves and vice versa in the older leaves such as 
in Spinach (Possingham and Saurer, 1969). In Arabidopsis, the fully expanded cells of 
mature leaves comprise nearly 7-times more chloroplasts (~70) per cell than in young 
leaves (Stettler et al., 2009) and mature chloroplasts are substantially larger (Stettler et 
al., 2009; Gugel and Soll, 2017). However, being extensively expanded, the cell 
density is much lower in older leaves. Also, it is interesting to mention that the larger 
chloroplasts such as in arc12 mutants of Arabidopsis were photosynthetically less 
efficient and comprised the regular pigment pool (Xiong et al., 2017) indicating no 
role of the larger size of chloroplasts in determining photosynthetic efficiency and 
photosynthetic pigment pool. 
The higher cell and chloroplast density is a plausible reason behind the higher 
pigment content in young leaves. In agreement with Stessman et al. (2002), the higher 
rate of photosynthesis and a higher level of proteins, and pigments corroborates with 
the higher cell density in young leaves as observed during the Arabidopsis leaf 
expansion (Gugel and Soll, 2017). This scenario also complies with the increase in 
cell density, enhancing the photosynthetic capacity of leaves (Lehmeier et al., 2017). 
In Arabidopsis, the low cell density mutant (lcd) plants exhibit low palisade cell 
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density and reduced chlorophyll content with a pale green leaf phenotype (Barth and 
Conklin, 2003). Whereas, gibberellin deficient mutants (ga1-3) with high cell and 
chloroplast densities accumulate significantly higher level of chlorophylls (Jiang et 
al., 2012). Complying with the above facts, it is reasonable that the quantitative 
functional attributes of leaf tissues, including photosynthetic pigments can represent 
the number of cells taken under examination. In unit tissue basis, higher cell density 
could result into higher chloroplast density, and, therefore, higher level of 
photosynthetic pigments, the additive effect, which is evident in young leaves 
compared to older leaves comprising fewer but larger cells per unit leaf tissue. The 
chloroplast density per unit leaf tissue could reach far higher values in young leaves 
due to the higher cell density, despite fewer chloroplasts per cell. Older leaves that 
comprise fewer but larger cells with more chloroplasts per cell may have overall 
lower chloroplast capacity per unit leaf tissue. The higher chloroplast density can 
enhance photosynthetic efficiency regardless of the chloroplast size as revealed in 
Arabidopsis (Xiong et al., 2017), which support the hypothesis that young leaves can 
maintain high cell and chloroplast density, therefore, higher level of pigments per unit 
leaf tissue. Indeed, each cell and chloroplast can accommodate a limited number of 
chloroplasts and a threshold amount of pigments respectively, hence the pigment 
content in leaf tissue can be the function of the total number of cells and chloroplasts 
and the pigment content per chloroplast. Therefore, it is reasonable that the additive 
effect of the greater number of cells and chloroplasts (higher density) can result into 
the higher level of pigment content in young leaves and vice versa in the old leaves. 
The development of a central vacuole is the most significant change occurring 
in a cell during leaf maturation that can occupy up to 90 % of the cell volume in 
mature leaves (Noguchi and Hayashi, 2014; Kruger and Schumacher, 2018). The 
vacuoles are not directly relevant to the carotenoid and chlorophyll biosynthesis, as 
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both are plastidial pigments, except an increase in cell size leading to a dilution effect. 
The possibility of a dilution effect, due to the large vacuole, leading to a reduction in 
the level of carotenoids and chlorophylls in mature leaves has been negated by the 
higher level of both carotenoids and chlorophylls in the dry tissues from the young 
leaves compared to the old leaves of Arabidopsis (Dhami et al., 2018). The 
autophagocytosis of carotenoid-rich lipid droplets into vacuole was revealed in aging 
aeciospores of fungi, Puccinia distincta (Weber and Davoli, 2002). The size of the 
central vacuole may or may not have a role in determining the level of photosynthetic 
pigment content in plants, which demands a rigorous cellular and subcellular studies. 
In young expanding leaves, dark exposure decreases cell density due to 
enhanced leaf expansion (Pantin et al., 2011), while cold exposure arrests leaf 
expansion favouring a little or no change in cell density (Rymen et al., 2007). 
However, a decrease in carotenoid and chlorophyll content of the young leaves under 
both dark and cold conditions (Figure 5.13 and 5.16) is contrasting to the additive 
effect. Also, the differential patterns of the transcript abundance of carotenogenesis 
regulatory genes in young and old leaves (Figure 5.1) contrasts the hypothesis of an 
additive effect. If the cell-density dependent additive effect exists at the level of 
protein and pigment content in young leaves, the gene transcript abundance should 
also be higher in young leaves, regardless of the gene. Whatever the case can be, the 
determination of cell density and functional threshold of the pigment content in 
chloroplasts from both young and old leaves will shed light on the photosynthetic 
pigment homeostasis and functional efficiency of leaves. 
In chloroplasts, GGPP is a common substrate for the biosynthesis of 
chlorophyll, carotenoids, and other plastidial metabolites such as plastoquinones, 
tocopherols, and gibberellins (Vranova et al., 2013). During chlorophyll biosynthesis, 
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GERANYLGERANYL DIPHOSPHATE REDUCTASE (CHLP) reduces GGPP into 
phytyl pyrophosphate and later esterifies with Clide generating phytyl chlorophyll or 
directly reduces GGPP into phytyl chlorophyll (Keller et al., 1998; Wang et al., 2014). 
On the other hand, PSY catalyses the condensation of two GGPP molecules 
generating phytoene, which commences carotenogenesis (Dogbo et al., 1988; Schledz 
et al., 1996). Interestingly, the higher level of isoprenoid precursors particularly 
dimethylallyl diphosphate (DMADP) and isoprene emission was observed in the 
younger leaves of Arabidopsis that were constitutively transformed with the isoprene 
synthase gene from grey poplar (Populus × canescens (Loivamaki et al., 2007). The 
substantially higher (3-fold) accumulation of phytoene in young leaves of 
Arabidopsis, regardless of the genetic background (Figure 5.8 and 5.9) and 
environmental conditions (Figure 5.12), indicates higher precursor availability and/or 
flux into the carotenoid biosynthesis in young leaves. However, the mechanism that 
controls precursor partitioning into the different competing pathways within 
chloroplasts during the leaf development needs further exploration. 
The norflurazon, darkness and cold treatment stop or reduce photosynthesis 
(Allen and Ort, 2001; Jung, 2004; Stitt and Zeeman, 2012), therefore, potentially 
reduces the metabolic precursor pool including isoprenoids. In contrary, CO2 
enrichment increases the rate of photosynthesis as well as the level of carotenoids 
(Dhami et al., 2018) and chlorophylls (Takatani et al., 2014) implicating metabolic 
precursor pool affecting photosynthetic pigment pool in leaves. The decrease in the 
level of both carotenoids and chlorophylls in young leaves in response to norflurazon, 
dark and cold treatment indicates that a common substrate, plausibly the GGPP or 
other isoprenoids, may become limited under the treatment conditions as all three 
treatment factors impair photosynthesis. Given that the GGPP is a substrate utilised 
for the synthesis of both carotenoids and chlorophylls, the leaf-age dependent change 
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in the level of both pigments corresponds with the modulation of isoprenoid precursor 
pool or the precursor flux into the respective pathways to maintain photosynthetic 
pigment homeostasis in leaves. Indeed, how short exposure (24 hours) of norflurazon, 
darkness, and cold can affect cell and plastid density, chloroplast ultrastructure, 
isoprenoid pool and, therefore, the pigment content, particularly in young leaves, 
needs further exploration. 
The molecular regulatory networks of carotenoid biosynthesis, degradation and 
sequestration are rigorously studied in many plants including Arabidopsis (Ruiz-Sola 
and Rodriguez-Concepcion, 2012), maize (Liu et al., 2018), carrot (Rodriguez-
Concepcion and Stange, 2013), and tomato (Enfissi et al., 2017). In plants, plastid 
localized carotenoids themselves and their oxidative derivatives involve in a wide 
array of biological phenomena including retrograde signalling (Ramel et al., 2012; 
Avendano-Vazquez et al., 2014), photomorphogenesis (Park et al., 2002), 
photosynthesis (Holt et al., 2005; Domonkos et al., 2013), photoprotection 
(Magdaong and Blankenship, 2018), root and shoot branching (Gomez-Roldan et al., 
2008; Kapulnik and Koltai, 2014), and stress acclimation (Havaux, 2014). It is 
noteworthy to mention that the glycosylated carotenoids are essential in maintaining 
cell wall structure and thylakoid organisation as observed in a cyanobacterium 
Synechocystis (Mohamed et al., 2005). The functional modification of carotenoids 
such as glycosylation is observed in different carotenogenic organisms including 
saffron (Li et al., 1999), cyanobacteria (Mohamed et al., 2005; Graham and Bryant, 
2009), bacteria (Takaichi et al., 1995), and actinomycetes (Richter et al., 2015). 
Arabidopsis leaves accumulate apocarotenoid glycosides with unknown functions 
(Latari et al., 2015) indicating a potential role of glycosylation in maintaining tissue-
specific homeostasis of carotenoids. The rapid decrease in carotenoid content of 
young leaves after dark, cold, and norflurazon exposure (Figure 5.10, 5.11), therefore, 
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indicates the possibility of functional modification of carotenoids such as 
glycosylation or similar phenomenon, reducing the proportion of free carotenoids. 
Despite a preliminary report on the role of carotenoid glycosides in the cell wall and 
thylakoid organisation in cyanobacteria (Mohamed et al., 2005), glycosylation of 
carotenoids and apocarotenoids and the role of glycosylated carotenoids in cell and 
chloroplast functioning during leaf development is open to exploring in higher plants 
including Arabidopsis. 
The concentration of soluble sugars can affect photosynthetic pigment pool in 
leaves. For example, external feeding of glucose downregulated the MEP pathway 
and decreased both carotenoid and chlorophyll contents in spinach (Krapp et al., 
1991) and tomato (Mortain-Bertrand et al., 2008) leaves. In Arabidopsis, a higher 
level of soluble sugar content, mainly glucose, in old leaves corresponds with the 
reduced level of carotenoid and chlorophylls (Stessman et al., 2002) suggesting 
negative feedback of glucose to photosynthetic pigment pool in old leaves. Under 
dark conditions, breakdown of the daytime transitory starch produces glucose and 
maltose in the chloroplast, and both are translocated to the cytoplasm, where they 
synthesise sucrose (Ruan, 2014). Complying with the negative feedback of glucose, 
the decrease in carotenoid and chlorophyll content in the young leaves of Arabidopsis 
during dark exposure (Figure 5.13 and 5.16) implicates the potential role of glucose 
and/or maltose in diurnal regulation of carotenogenesis. Likewise, cold exposure 
downregulates the rate of photosynthesis (Allen and Ort, 2001) but enhances the 
accumulation of soluble sugars (Zeng et al., 2011; Tarkowski and Van den Ende, 
2015). It is plausible that the state of soluble sugars within chloroplasts and/or 
cytoplasm can modulate isoprenoid production as well as photosynthetic pigment pool 
in leaves. The MEP pathway, particularly the production of deoxyxylulose 5-
phosphate (DX), has shown the critical regulatory role in both carotenoid and 
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chlorophyll biosynthesis as the DX feeding and overexpression of DXS both enhanced 
carotenoid accumulation (Lois et al., 2000; Simpson et al., 2016). Also, the 
production of hexose sugars in chloroplasts accompanied by the reduction in 
carotenoid content during dark conditions demonstrates the possibility of carotenoid 
glycosylation in young leaves to facilitate cell wall and thylakoid organisation as 
observed in Synechocystis (Mohamed et al., 2005). Indeed, the impacts of soluble 
sugars in the MEP pathway and photosynthetic pigments homeostasis in young (sink) 
and old (source) leaves needs further exploration. 
In young leaves of Arabidopsis, the higher level of carotenoids and chlorophylls 
was positively correlated with the higher protein level (Stessman et al., 2002). Here, I 
revealed that the lower level of foliar carotenoids in older leaves was independent of 
the transcript abundance of the genes involved in carotenoid biosynthetic or 
degradation pathways (Figure 5.1 A-D). A sharp decrease in the level of foliar 
carotenoids of young leaves to the level of old leaves in response to norflurazon 
treatment in the carotenoid biosynthetic and degradation pathway perturbed mutants 
(Figure 5.9, 5.11) and overexpression lines substantiate the fact that the age-
dependent decline of foliar carotenoid content is independent of biosynthesis and 
degradation. Neither the genes determining the vegetative phase regulatory attributes 
of a leaf affected the foliar carotenoid pool (Figure 5.2). It is reasonable to emphasise 
that the higher abundance of isoprenoid precursors or precursor allocation toward 
carotenoid biosynthesis can synthesise a higher level of phytoene and downstream 
carotenoids in young leaves and vice versa in old leaves. Also, different level of 
soluble sugars in young and old leaves can feedback biosynthesis of both carotenoids 
and chlorophylls. However, age-dependent regulation of isoprenoid and soluble sugar 
abundance needs further research to unveil the correlation between photosynthetic 
functions and pigment homeostasis during leaf development.  
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Finally, among all the scenarios discussed above, the higher cell density in 
young leaves compared to the old leaves is the most convincing explanation justifying 
the substantially higher level of carotenoid and chlorophyll content. The 
determination of cell and chloroplast density and functional threshold of the pigment 
content in chloroplasts of both young and old leaves could shed light on the 
photosynthetic pigment homeostasis and functional efficiency of leaves. Darkness, 
cold, and norflurazon may affect the carotenoid pool of young leaves similar to that of 
the age-dependent decline of carotenoids, or the cases may be different, which is open 
to discovery. While the leaf-age, darkness, cold, and norflurazon concurrently 
declined the level of both carotenoid and chlorophyll in young leaves, the discovery 
of a signalling metabolite and/or a molecular mechanism that regulates photosynthetic 
pigment pool during leaf development will bring new insights to improve 
photosynthetic efficiency and carotenoid enrichment in food and horticultural crops. 
Indeed, the high plasticity of young leaves altering pigment pool in response to 
environmental conditions, whereas old leaves were highly resilient in maintaining the 
threshold level of pigments regardless of environmental conditions, demonstrates the 
applicability of young leaves as a model system to hunt retrograde signalling, 
chloroplast development, and pigment homeostasis in plants. 
………. ………. 
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This chapter summarises the research undertaken for the thesis and highlights 
the key findings addressing the objectives. The results outlined in this thesis 
demonstrate the substantially higher capacity of young leaves to accumulate foliar 
pigments and, which is amenably changing instantly in response to environmental 
conditions. The level of both carotenoids and chlorophylls in mature leaves, however, 
can be resilient to environmental changes. This chapter also includes the clarification 
on the validity of the methods used to generate data. Besides, the limitations of the 
study, that constrained the interpretation of the data in a way or another, and 
directions for the future research have been highlighted.     
6.1 Leaf-age and environmental conditions can alter the level of 
photosynthetic pigments  
In higher plants, leaves are the principal organs that facilitate light harvesting 
and carbon fixation during photosynthesis, providing both sources and sinks for 
organic matter during the plant development (Tsukaya, 2013). Chloroplasts are the 
cellular organelles in leaves, which facilitate biosynthesis and sequestration of 
chlorophyll and carotenoid pigments enabling photosynthesis and photoprotection, 
respectively. The level and composition of photosynthetic pigments are tightly 
maintained within a functionally balanced state that helps to confer an optimum 
photosynthetic efficiency during leaf development (Ritz et al., 2000; Tripathy and 
Pattanayak, 2012). To achieve the functional state, the biosynthesis, sequestration, 
and degradation of carotenoids and chlorophylls are tuned to the stage of a chloroplast 
as well as leaf development. The recently emerged leaves comprise smaller and 
rapidly dividing cells with relatively smaller and developing chloroplasts that harbour 
only a few grana stacks, whereas mature leaves contain fully expanded cells 
containing larger and many more chloroplasts per cell, with well-developed thylakoid 
grana stacks (Figure 6.1) (Gugel and Soll, 2017). Another key developmental 
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difference is that the rapid division and expansion of cells take place in young leaves 
and so the chloroplast division and expansion, while fully expanded cells from the old 
leaves do not divide and maintain the threshold population of chloroplasts (Pyke, 
2010; Jarvis and Lopez-Juez, 2013). In contrast, the rapid disintegration of 
chloroplasts leads to a concurrent degradation of both carotenoids and chlorophylls in 
senescing leaves (Biswal, 1995; Ghosh et al., 2001). The factors that control 
chloroplast division and structural development can alter the foliar pigment pool, 
depending upon the functional state of a leaf. As such, the developmental stage of a 
leaf governs the overall plant physiology and development depending upon its age. 
 
Figure 6.1 Schematic diagrams showing structural differences in the cells from young and 
mature leaves. 
Figures highlight differences in the size and number of cells, vacuoles, chloroplasts, and 
thylakoids in the cells from young (A) and mature (B) leaves. N; Nucleus, V; Vacuole, C; 
Chloroplast, M; Mitochondria. 
The plant energy organelles such as chloroplasts help to sense environmental 
cues and communicate with other organelles through chlorophyll, and carotenoid 
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derived signalling metabolites. Changes in the environmental conditions trigger the 
generation of intracellular signals that control chloroplast development (biogenesis 
and ultrastructure differentiation), division, and operational control depending upon 
the developmental stage of cell and/or tissue (Pogson et al., 2015). The state of 
chloroplast development affects the level of photosynthetic pigment pool (both 
carotenoids and chlorophylls) and vice versa, which is also tuned to the environmental 
growth conditions. The non-photosynthetic etioplasts within the cells of dark-grown 
cotyledons lack chlorophylls, yet accumulate significant amounts of carotenoids lutein 
and violaxanthin and traces of β-carotene and neoxanthin (Pogson and Albrecht, 
2011). During de-etiolation (photomorphogenesis), light exposure triggers the 
differentiation of chloroplasts and thylakoids concurrently enhancing both carotenoid 
and chlorophyll biosynthesis to establish photosynthesis. Carotenoids are essential for 
chloroplast development and function, as evident from the fact that the norflurazon-
induced inhibition of PDS activity accumulating phytoene, therefore, perturb both 
development and function of chloroplasts and carotenogenesis (Vecchia et al., 2001).  
The loss of function of either of PSY, PDS, ZDS, CRTISO, LCYB can impair 
chloroplast development and/or functions (Cazzonelli and Pogson, 2010; Nisar et al., 
2015). Carotenoid derived metabolites orchestrate both intrinsic developmental and 
external environmental cues to determine functional efficiency, most importantly, 
photosynthesis (Ritz et al., 2000; Domonkos et al., 2013). For example, besides 
phytoene accumulation, norflurazon treatment impairs chlorophyll biosynthesis 
accumulating Mg-protoporphyrin IX (Mg-ProtoIX), a chlorophyll precursor, that 
alters the expression of photosynthesis associated genes (PhANGs) and inhibit plastid 
biogenesis (Strand et al., 2003; Zhang et al., 2011). There is evidence implicating the 
roles for cis-carotenes and/or cis-carotene-derived apocarotenoids in regulating both 
chloroplast and leaf development (Alagoz, 2018). For example, the accumulation of 
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phytofluene and ζ-carotene was linked to the changes in nuclear gene expression and 
impairment in leaf-blade differentiation in the zds/clb5 mutant plants (Avendano-
Vazquez et al., 2014). Also, extended exposure to darkness generates a neurosporene 
derived apocarotenoid signal in crtiso mutant that post-transcriptionally controls 
proteins levels and plastid development in leaf tissues (Cazzonelli et al., 2019). The 
physiological roles for chlorophyll and carotenoid derived signals in controlling 
plastid development have emerged, yet how the leaf-age and, hence, the 
developmental stage of chloroplast underpins these signalling processes remain 
unclear and become the focus of my dissertation.  
This dissertation unveils how changes in atmospheric carbon dioxide, 
temperature, and light affect carotenoid homeostasis during leaf development. 
Previous studies in A. thaliana and B. napus such as Stessman et al. (2002) and Ghosh 
et al. (2001) respectively, revealed a substantially higher level of foliar pigments, both 
carotenoids and chlorophylls, in recently emerged young leaves compared to old 
leaves. These alterations in the level of carotenoids and chlorophylls occurred in a 
leaf-age related manner. The decline in pigments during leaf aging raised questions; i) 
why and how can young leaves contain a higher level of foliar pigments? ii) does 
substrate supply, biosynthesis, storage, or degradation define the age-related decline 
in carotenoids? iii) why are carotenoids and chlorophylls synchronously controlled in 
different leaf types? iv) what are the cellular and chloroplast developmental stages in 
young and old leaves that can account for changes in pigment content? v) what are the 
links to the carotenoid storage capacity of chloroplasts that alter during the 
progression of leaves from young to mature and senesced stages of development? and, 
vi) which leaf types are more plastic to have their pigment pool altered in response to 
environmental changes? My investigations have used a combination of chemical 
inhibitor assays and genetic mutant lines to uncouple the mechanism(s) underpinning 
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the decline in pigments associated with leaf age and the impact of environmental 
change. 
I hypothesised that CO2 enrichment would enhance pigment content because an 
increase in atmospheric CO2 can improve the rate of photosynthesis and biomass 
production (Ainsworth and Rogers, 2007; Andresen et al., 2017). However, the 
literature yielded conflicting messages showing higher, lower, or no change in 
pigment content in response to CO2 enrichment in different plants (Table 2.1). So, I 
questioned if the age of the leaf might have an impact on the discrepancies in the 
literature. Besides, I expected that heatwave (>43 oC air temperature) would modify 
the content and composition of xanthophyll cycle pigments in leaves but was not able 
to determine from the literature if leaf age would affect the foliar carotenoid content 
and composition in response to high temperatures. I also hypothesised that exposure 
to a severe cold (7-10 oC) would reduce the level of photosynthetic pigments  
corroborating the reduction in photosynthetic rate (Allen and Ort, 2001) and increase 
in the level of soluble sugars (Tarkowski and Van den Ende, 2015) in chloroplasts 
during cold exposure, although differential cellular acclimation strategies in young 
and old leaves might negate these effects. I was surprised to find younger leaves 
displaying greater plasticity than older leaves to modify carotenoid content in 
response to elevated CO2, cold exposure, extended darkness, and norflurazon 
treatments, while both carotenoid and chlorophyll content was unchanged in old 
leaves. 
Younger leaves of Arabidopsis are more efficient in tolerating excessive light 
stress compared to mature leaves (Bielczynski et al., 2017; D'Alessandro et al., 2018), 
which is correlated with the enhanced oxidation of β-carotene to produce β-cyclocitral 
that triggers photoprotective pathways (Ramel et al., 2012). I explored environmental 
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and genetic factors that affected carotenogenesis during Arabidopsis leaf maturation 
before the onset of senescence. I have discovered that the higher carotenoid and 
chlorophyll content in younger leaves was most likely due to a greater cell density and 
hence higher plastid capacity (Figure 6.1 A). The younger leaves were most 
responsive to the environmental change due to the higher rate of chloroplast division 
and/or structural development in rapidly dividing cells. The young leaves, thus, 
provide an in-planta model system to decipher how environmental signals and 
chemical inhibitors can control chloroplast development, intracellular signalling and, 
hence, carotenoid biosynthesis. 
6.2 Leaf-age related decline in carotenoid content is independent of 
the leaf developmental phase transition  
In Arabidopsis, rosette leaves undergo a developmental phase transition from 
the juvenile to adult phase as the plant matures. The leaf developmental phase 
transition from juvenile to adult phase involves characteristic changes in leaf 
morphology and cellular structures such as change in leaf shape from round to 
elongated, absence of abaxial trichomes to emergence of the same, and extensive wall 
ingrowth deposition in phloem parenchyma cells in juvenile and absence of the same 
in adult phase leaves (Poethig, 1997; Xu et al., 2016; Nguyen et al., 2017). Leaf phase 
characteristics persist throughout the life span of the respective leaves, and there are 
several SQUAMOSA PROMOTER BINDING PROTEIN LIKE (SPL) family 
transcription factors and microRNAs (miR156 and miR172) that control the 
developmental phase transition in leaves (Jung et al., 2011; Xu et al., 2016; Nguyen et 
al., 2017). Most importantly, the transition from juvenile to adult phase corresponds 
with the gradual decrease in miR156 and a concurrent increase in miR172 and SPL15 
transcript abundance (Nguyen et al., 2017). Previous studies revealed that the 
overexpression of miR156b, which suppresses SPL15 transcription in leaves, had 
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increased the level of carotenoids in Arabidopsis and B. napus seeds, but not in leaves 
(Wei et al., 2010; Wei et al., 2012). The mechanism by which miR156b and/or SPL15 
affected carotenogenesis differentially in seed and leaf tissues was not demonstrated. 
The relatively similar level of carotenoids in young or old leaves from spl mutants and 
miR156b overexpression lines relative to WT and a significantly higher level of 
carotenoid content (~60 %) in young leaves (Figure 5.2), confirmed that the leaf 
developmental phase identity does not affect carotenoid content in leaves. While 
miR156 specifically targets SPL9 and SPL15, there could be redundancy among SPL 
transcription factors that can negate any change in carotenogenesis during leaf 
development, which is open to exploring further. Alternatively, the targets of SPL 
transcription factors may not prevalent in leaves, like that in seeds. Nonetheless, 
SPL9, SPL15, and miR156b did not appear to regulate carotenoid biosynthesis during 
Arabidopsis leaf development. Therefore, regardless of leaf phase identity, younger 
leaves contain a higher carotenoid content compared to older leaves in Arabidopsis. 
6.3 Enzymatic oxidation of carotenoids is not responsible for 
declining carotenoid content during leaf aging   
Carotenoid turnover continuously occurs in leaves via both enzymatic and non-
enzymatic oxidation (Beisel et al., 2010; Schaub et al., 2018). A higher rate of 
carotenoid degradation can decrease the level of carotenoids in senescing leaves 
(Biswal, 1995; Rottet et al., 2016). The CCD4 expression increased in senescing 
leaves such as in Arabidopsis (Rottet et al., 2016), and ccd4 mutants showed an 
enhanced β-carotene content in Arabidopsis seeds (Gonzalez-Jorge et al., 2013). The 
higher transcript levels of CCD4 in old leaves (14-fold; Figure 5.1) might implicate a 
higher rate of carotenoid degradation, which could be the one possible explanation for 
the decline in carotenoids during leaf aging. However, the older leaves that I analysed 
here were not senescing and, like WT, the level of all foliar carotenoids declined in 
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old leaves from ccd4 mutant and CCD4 overexpression genotypes (Figure 5.3). 
Similarly, young leaves from ccd1 and ccd7 mutants (both single and double) 
displayed a significantly higher carotenoid content compared to older leaves (Figure 
5.3). Furthermore, chemical inhibition of CCD activity in seedlings grown in artificial 
MS media supplemented with D15 (CCD inhibitor) did not stop the age-related 
decrease in foliar carotenoid content (Figure 5.4). These data confirmed that 
enzymatic degradation had little or no role in controlling the age-related decline in 
foliar carotenoid content, at least, before the onset of senescence (Figure 5.3). 
Collectively, the substantially higher level of carotenoids in the young leaves from 
WT and mutants affecting carotenoid cleavage activity confirmed that the decline in 
carotenoids during leaf aging was independent of enzymatic oxidation. 
6.4 Developmental state of chloroplasts determines the level of 
photosynthetic pigments in leaves 
In leaves, norflurazon treatment disrupts the thylakoid network, affecting 
biogenesis, differentiation, and/or operational control of chloroplast, thereby, 
perturbing chlorophyll and carotenoid biosynthesis and accumulation; hence leaf 
tissues appear bleached (Vecchia et al., 2001; Park and Jung, 2017). Norflurazon can 
trigger a transient burst of a chlorophyll precursor Mg-protoporphyrin IX 
(MgProtoIX) in chloroplasts that can alter the expression of nuclear genes controlling 
the functions in chloroplasts (Strand et al., 2003; Moulin et al., 2008; Zhang et al., 
2011). In norflurazon treated plants, accumulation of substantially higher and lower 
phytoene content in young and old leaves from WT and mutant genotypes (ziso, 
crtiso, lut2 and PSY-OE) (Figure 5.9) appeared to be related to the stage of the cell 
and chloroplast development, which changes as the leaf tissues become old. Given 
that phytoene accumulated in both young and old leaves within the similar incubation 
period in response to norflurazon treatment, albeit to a lesser extent in older leaves 
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(Figure 5.8), it clarifies the uniform distribution of norflurazon throughout the 
different aged leaf tissues. The accumulation of significantly higher level of phytoene 
in young leaves in response to norflurazon (Figure 5.9) corresponds with the higher 
level of foliar carotenoids in the same leaves (Figure 5.6), therefore demonstrated the 
higher capacity of young leaves synthesising and/or accumulating carotenoids. 
Like carotenoids, chlorophyll content was also decreased in the leaf-age 
dependent manner (Figure 5.5 and 5.15) suggesting the developmental and/or 
functional state of chloroplasts, that changes over the leaf maturation, can regulate 
both carotenoid and chlorophyll pools during leaf development. In both WT and 
mutant genotypes (ziso, crtiso, lut2 and PSY-OE), a concurrent reduction in both 
carotenoid (Figure 5.11) and chlorophyll (Figure 5.16) content in young, but not old, 
leaves from the norflurazon treated plants revealed that the regulatory signal is most 
prevalent in young leaf tissues that comprise cells and chloroplasts undergoing rapid 
division and/or expansion. The stability of carotenoid and chlorophyll content in old 
leaves after norflurazon treatment reinforces that either the regulatory signal cannot 
be generated in older leaves or younger leaves have greater plasticity to modify cell 
and/or chloroplast development as they are rapidly dividing and/or expanding. This is 
in part supported by observations of the signs of bleaching in younger, but not in older 
leaves following the more extended periods of exposure to norflurazon. In norflurazon 
treated plants, a sharp decrease in the level of both carotenoids and chlorophylls in 
younger leaves reveals a visible effect of norflurazon on chloroplast development in 
rapidly dividing and/or expanding cells in leaves. The precise mechanism of how 
norflurazon impacts chloroplast development in dividing and expanding cells and, 
therefore, biosynthesis and accumulation of photosynthetic pigments remain less 
clear. It seems likely that the norflurazon treatment can generate a retrograde signal 
triggering inhibition of chloroplast division and/or thylakoid development in the 
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newly divided cells and/or chloroplasts from young leaves can lead to an overall 
decrease in pigment content per unit tissue, that cannot happen in older leaves which 
comprise fully developed chloroplasts. 
The loss of CRTISO function also generates an intracellular signal that can 
perturb carotenoid and chlorophyll accumulation in younger leaves. For example, 
crtiso tissues accumulate cis-carotenes and block prolamellar body formation in 
etioplasts from the dark-grown cotyledons (Park et al., 2002). Likewise, crtiso leaves, 
particularly young ones, accumulate cis-carotenes under extended periods of darkness 
(shorter photoperiods) that is linked to an impaired chloroplast development and 
function manifesting as a virescent phenotype (Cazzonelli et al., 2019). The impaired 
plastid development was attributed to a cis-carotene derived apocarotenoid signal that 
post-transcriptionally controlled PIF3 and HY5 protein levels, thereby regulating the 
nuclear genes to control chloroplast development and functions (Cazzonelli et al., 
2019). Photoisomerisation can reduce cis-carotene levels and restore plastid 
development and leaf greening under long photoperiods. However, the total 
carotenoid content was decreased in younger leaves of crtiso, compared to WT, which 
was further declined during leaf aging to levels like that of older leaves of WT, albeit 
there was a much lower reduction (Figure 5.5 and 5.6). I attributed this to a 
considerable increase in antheraxanthin and zeaxanthin in younger leaves, coupled 
with an increase in β-carotene and no change in lutein during the leaf aging process. 
CRTISO can differentially perturb the age-related decline in individual carotenoid 
pigments, resulting in an altered flux between the α- and β-branches (Figure 5.5 and 
5.6). A similar level of β-carotene in both young and old leaves from the ziso and 
crtiso mutants (Figure 5.5 B) reinforced the fact that cis-carotene isomerases are 
essential to maintain the optimum level of individual α- and β-carotenoids during leaf 
maturation. 
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ZISO and CRTISO control the accumulation of cis-carotenes and/or a cis-
carotene derived apocarotenoid signal that can control plastid development. The 
similar levels of lutein and β-carotene in young and old leaves of crtiso provide strong 
evidence that CRTISO can regulate the production of cis-carotene derived 
apocarotenoid signal altering the pathway flux into α- and β-branches of carotenoid 
biosynthesis. This fact reinforces that the carotenogenic signals are most effective in 
controlling chloroplast development in younger leaves. Intriguingly, other β-branch 
carotenoids such as zeaxanthin, antheraxanthin, violaxanthin and neoxanthin all 
displayed a typical age-related decline (Figure 5.5, 5.6, and 5.11). The altered 
carotenoid profile in conjunction with the downregulation of LCYE expression in the 
absence of CRTISO function in crtiso leaves can best explain the role of CRTISO in 
regulating the metabolite flux into α- and β-branches of the carotenoid biosynthetic 
pathway (Cuttriss et al., 2007).  
The SDG8 dependent differential expression of CRTISO and shoot meristem 
activity demonstrated the epigenetic regulation of CRTISO, therefore carotenogenesis 
in Arabidopsis (Cazzonelli et al., 2009; Cazzonelli et al., 2009). Indeed, why would 
the levels of lutein and β-carotene be similar in both young and old leaves of crtiso 
(Figure 5.5 A, B), while that of other foliar carotenoids (Figure 5.5 C, D, E) including 
phytoene (Figure 5.9) was substantially higher in young leaves? The mechanism by 
which CRTISO controls metabolite flux through the pathway via regulating LCYE 
expression is enigmatic and a topic of further investigation. In summary, CRTISO has 
a crucial function in controlling a cis-carotene derived apocarotenoid signal that 
regulates the metabolite flux into α- and β-branches of the carotenoid biosynthetic 
pathway and chloroplast development. 
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It was intriguing that, like carotenoids, chlorophyll content was also decreased 
in leaf-age dependent manner specifically only in the crtiso mutant (Figure 5.5 and 
5.15). Therefore, like norflurazon, crtiso can generate a carotenogenic signal that 
affects plastid development and, hence, both carotenoid and chlorophyll content 
during leaf development. A concurrent reduction in the level of both carotenoids and 
chlorophylls in young, but not old, leaves from crtiso indicated that impaired state of 
chloroplast development and/or division in young leaves of crtiso could affect the 
level of photosynthetic pigments. However, the accumulation of nearly 3-fold higher 
phytoene content in young leaves of crtiso and ziso compared to the respective old 
leaves from norflurazon treated plants was intriguing, given that norflurazon should 
repress the generation of a cis-carotene derived apocarotenoid signals that are 
supposed to enhance biosynthesis and/or accumulation of carotenoids in young leaves 
(Figure 5.9). The levels of phytoene in crtiso and ziso were higher than WT indicating 
that the norflurazon-induced signal had an additive effect on increasing isoprenoid 
precursor flux into the carotenoid biosynthetic pathway in young leaves, but not in 
older leaves. The fact that PSY-OE had no effect on phytoene accumulation following 
norflurazon treatment (Figure 5.9) neither on the level of downstream carotenoids 
(Figure 5.5) demonstrated that the leaf-age related decline in foliar pigment content 
was no longer controlled by PSY activity, which is often considered to be the rate-
limiting step in carotenoid biosynthesis. There are apparent differences in the state of 
plastid development between young and old leaves (Gugel and Soll, 2017). 
Collectively, in leaves, the developmental and/or functional state of chloroplasts and 
the availability isoprenoid precursors could govern the photosynthetic pigment pool in 
an age-dependent manner. 
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6.5 Young leaves have a high degree of plasticity to alter carotenoid 
content and composition to suit the prevailing environment 
In leaves, the carotenoid pool is generally assumed to be stable with a 
continuous synthesis and degradation of carotenoids, that indicates the distinct 
acclimatory strategies controlling their turnover in response to the changing 
environmental conditions (Beisel et al., 2010). Carotenoid metabolism in leaves can 
respond instantly to the environmental changes facilitating the functional homeostasis. 
The xanthophyll cycle carotenoids are crucial in protecting photosystems from the 
oxidative stress induced by environmental conditions such as exposure to excessive 
light and high/low temperature can trigger de-epoxidation of violaxanthin enhancing 
zeaxanthin accumulation that neutralises oxidative stress in chloroplasts (Varkonyi et 
al., 2002; Magyar et al., 2013; Sacharz et al., 2017). The loss of function in one or 
more core xanthophyll biosynthetic pathway genes, such as single-gene mutants lut2 
and npq2, double mutant npq2 lut2, and triple mutant aba4 npq1 lut2 did not alter the 
age-related decline in total or individual foliar carotenoid content (Figure 5.7). Like 
WT, the substantially higher level of carotenoids in young leaves from the mutants 
affecting xanthophyll content implicates that the decline in carotenoid content during 
leaf aging is independent of xanthophyll biosynthesis.  
Curiously, unlike other carotenoids, the level of antheraxanthin and zeaxanthin 
remained higher in young leaves compared to older leaves from the norflurazon 
treated plants revealing a differential impact of norflurazon on the state of the 
xanthophyll cycle (Figure 5.11). Why the level of antheraxanthin and zeaxanthin was 
higher in young leaves and remained unchanged in response to norflurazon, despite 
the substantial accumulation of phytoene in both young and old leaf types remain 
unclear. One possibility is that as zeaxanthin has the higher antioxidant capacity 
(Havaux et al., 2007), norflurazon induced oxidative stress can trigger de-epoxidation 
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of violaxanthin enriching both antheraxanthin and zeaxanthin to neutralise oxidative 
stress, which requires further validation. Arabidopsis leaves undergo a systemic 
maturation; however, the responsiveness of carotenogenesis in young and old leaves 
to altered CO2, temperature, and light conditions was mostly unexplored. Here, I 
applied environmental treatments that affect developmental, physiological, and 
biochemical attributes of leaves and revealed that carotenogenesis is highly plastic in 
young leaves, while old leaves were resilient to maintain the optimum carotenoid pool 
in response to the environmental perturbations.  
The substantially higher level of phytoene along with all foliar carotenoids and 
chlorophylls in young leaves compared to old demonstrated that the developmental 
stage of chloroplasts could influence the level of photosynthetic pigment pool. The 
differential effects of herbicide norflurazon (that disrupts thylakoid network and 
inhibits carotenogenesis) and mutants ziso and crtiso (that impair chloroplast 
development) on the level of photosynthetic pigments in young leaves raised a 
question whether young leaves would be more responsive to environmental change 
and modify their pigment content to suit the prevailing conditions. Interestingly, 
younger leaves of Arabidopsis are more tolerant to environmental stress such as high 
light intensity (Bielczynski et al., 2017; D'Alessandro et al., 2018), which indicates 
the differential photoprotective capacity in young and old leaves. Under excessive 
light stress, β-carotene is degraded, producing β-cyclocitral that induces activation of 
photoprotective pathways (Ramel et al., 2012). Here, I have demonstrated that the 
individual pigment levels can fluctuate in response to environmental change, 
especially in younger leaves. A rigorous assessment of the effects of various 
environmental treatments in both young and old leaf types demonstrated that the 
metabolism of the most individual carotenoids in young leaves is amenable to change, 
while only the xanthophyll cycle pigments are responsive to the environmental 
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change in older leaves. The resilient nature of older leaves and higher plasticity of 
younger leaves in maintaining the optimum pool of carotenoids and chlorophylls 
highlights why plant foliar tissues have different stress acclimation responses. These 
responses appear to be underpinned by the stage of cell and chloroplast development, 
more so than the substrate supply, biosynthesis, regulation and/or degradation of 
carotenoids.  
The impact of elevated CO2 on foliar pigment levels was not discernible from 
the literature because of the prevalent discrepancies (Table 2.1). Under elevated CO2, 
the level of photosynthetic pigments in older mature leaves of Arabidopsis did not 
change, even though there was a significant increase (~60 %) in the rate of 
photosynthesis (Dhami et al., 2018). The concentration of atmospheric CO2 can affect 
photosynthetic traits such as elevated CO2 has been shown to increase the rate of 
photosynthesis, carbohydrate biosynthesis, and biomass accumulation (Ellsworth et 
al., 2004; Andresen et al., 2017). Indeed, Arabidopsis plants I exposed to elevated 
CO2 showed a significant increase in biomass, which was consistent with previously 
published reports, and highlighted the fertilisation effect of CO2 enrichment  (Dhami 
et al., 2018). Also, elevated CO2 can increase the number and size of chloroplasts 
concomitantly enhancing the biosynthesis of plastidial metabolites including 
precursors of carotenoid biosynthesis (Griffin et al., 2001; Wang et al., 2004; Teng et 
al., 2006; Li et al., 2013). However, in my experiments, the level of both carotenoids 
and chlorophylls was unchanged in fully expanded leaves in response to elevated 
CO2. Although the recently emerged, younger leaves from elevated CO2 grown plants 
did show an increase in the level of both carotenoids and chlorophylls (Figure 6.1 H, 
L). This data demonstrated that young tissues are amenable to utilise an excess of CO2 
to synthesise and store excess photosynthetic pigments, plausibly, by enhancing cell 
and/or chloroplast density (Figure 6.1 D) or may improve the supply of substrates for 
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isoprenoid biosynthesis (Dhami et al., 2018). While the mechanism by which elevated 
CO2 can affect pigment biosynthesis only in younger foliar tissues in Arabidopsis 
requires further research, my results highlight how young leaves are more plastic to 
adjust photosynthetic pigment pool to suit the level of atmospheric CO2. 
In plants, cold exposure can have severe effects on chloroplast development and 
function (Jarvis and Lopez-Juez, 2013; Pogson et al., 2015; Liu et al., 2018). Cold 
exposure, such as 4-10 oC reduces the rate of photosynthesis and delays 
developmental programming in plants (Allen and Ort, 2001; Savitch et al., 2001; 
Paredes and Quiles, 2015). Cold triggers accumulation of reactive oxygen species 
(ROS), including hydrogen peroxide, which negatively impacts chloroplast structure 
and functions (Zhou et al., 2006; Abdel Kader et al., 2018). ROS can damage the 
chloroplast membranes, including thylakoids, and also trigger stress response altering 
the expression of nuclear genes changing chloroplast functions (Liu et al., 2018).  
Carotenoids are potent antioxidants that protect chloroplast integrity and 
function in foliar tissues exposed to environmental stress, including a severe cold. 
Cold exposure has been shown to increase soluble sugar content in foliar tissues 
facilitating a cold stress acclimation (Nagele et al., 2012; Bakht et al., 2013; Ruan, 
2014). However, soluble sugars are negative regulators of carotenogenesis. The 
reduced level of carotenoid and chlorophylls correlated with a higher level of glucose 
in old leaves of Arabidopsis (Stessman et al., 2002). Also, application of glucose 
decreased both carotenoid and chlorophyll contents in spinach (Krapp et al., 1991) 
and tomato (Mortain-Bertrand et al., 2008) leaves, which highlights a noticeable 
decrease in carotenoid content in the leaves from the cold exposed plants.  
Here, I revealed that young leaves were highly plastic in reducing both 
carotenoid and chlorophyll content in response to short-term cold exposure, while 
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both were unchanged in old leaves (Figure 4.5). A substantial decrease in the level of 
phytoene in both young and old leaves from the Arabidopsis plants exposed to 
norflurazon under cold condition (7 oC) compared to the respective leaves from 22 oC 
grown plants demonstrated a negative impact of cold on carotenogenesis (Figure 
5.12). It was intriguing that a short period of severe cold exposure had a negative 
effect, previously unknown, on carotenoid and chlorophyll accumulation in young 
leaves in a manner resembling the impact of norflurazon or extended darkness (Figure 
5.13, 5.16, and 6.1). However, a typical age-related decline in pigments persisted 
under a prolonged period of severe cold (Figure 4.3) demonstrating a cold acclimation 
response and restoration of cell and chloroplast development resembling the leaves 
from ambient grown plants. These findings highlight that sudden exposure of plants to 
cold for a short time can impact chloroplast development, similar to exposure to 
extended darkness or norflurazon, while leaves can acclimate to prolonged cold 
exposure. 
Cold exposure can impair leaf growth and cell cycle progression as evident in 
maize (Rymen et al., 2007). It seems plausible that sudden exposure to a cold can 
impair cell division and expansion, as well as chloroplast development, in young 
leaves of Arabidopsis subsequently limiting photosynthetic pigment biosynthesis and 
accumulation (Figure 6.1 E). The apparent reduction in phytoene content in both 
young and old leaves after cold exposure (Figure 5.12) could implicate negative 
feedback from cold-induced soluble sugars in controlling carotenogenesis. There 
could be an additive effect of cold-induced limitation of precursor supply and 
enhancing the degradation of foliar carotenoids regardless of the leaf types, which is 
open for discovery. 
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The light availability is one major factor affecting chloroplast development and 
carotenogenesis, whereas the impact of extended periods of darkness on the foliar 
carotenoid and chlorophyll content is poorly explored. Photosynthesis related 
metabolic pathways are activated in the light and generally deactivated in the dark 
(Jacquot, 2018). Indeed, my experiments revealed that darkness extended to 24 hours 
reduced the level of both carotenoids and chlorophylls in young leaves (Figure 5.13 
and 5.16). The level of both pigments was unchanged in dark-exposed old leaves, 
indicating differential regulation of carotenogenesis in young and old leaves in 
response to the darkness (Figure 6.1 J, N). The effect of darkness on pigment content 
in young leaves was identical to that observed for norflurazon and severe cold. The 
simultaneous reduction in carotenoids and chlorophyll content in young, but not old, 
leaves indicated the state of chloroplast division and development; therefore, the level 
of photosynthetic pigment can be directly affected during extended dark conditions. 
Dark exposure could trigger a reduction in the number and/or size of chloroplasts as 
previously shown in Arabidopsis leaves (Figure 6.1 F) (Keech et al., 2007). During 
night cycles, plastids within cells from recently emerged leaf tissues appear to be 
under structural differentiation; that is the transition from etioplast to chloroplast or 
proplastid to chloroplast and vice versa (Philippar et al., 2007; Sakamoto et al., 2008). 
So, extended darkness could systematically perturb plastid biogenesis and chloroplast 
development, therefore, affecting pigment homeostasis, which needs further 
investigation.  
The absence of phytoene accumulation in both young and old leaves from the 
norflurazon treated plants exposed to darkness (Figure 5.12) showed that the darkness 
imposed an additional effect on carotenoid biosynthesis and/or plastid development. 
A similar finding showing no phytoene accumulation was reported in Capsicum 
annuum tissues exposed to darkness and norflurazon, and treated tissues also showed 
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the downregulated of transcription in PSY (Simkin et al., 2003). The light-dependent 
regulation of PSY transcription and/or PSY activity in photosynthetic tissues is well-
reported and extended periods of darkness can reduce PSY protein levels as evident in 
callus tissue (Maass et al., 2009). Therefore, prolonged periods of darkness might 
affect PSY protein levels and functional interactions along with plastid development, 
the mechanisms of which await further discovery. 
There are clear distinctions between young and old leaves, both structurally and 
functionally (Table 1.1, Figure 6.2). Young leaves comprise relatively small, 
immature, expanding and rapidly dividing cells with proplastids and partially 
developed chloroplasts more so at the base, while the fully expanded cells of older 
leaves contain numerous (7 times more) and larger chloroplasts (Kutík et al., 1999; 
Stettler et al., 2009; Gonzalez et al., 2012; Gugel and Soll, 2017). The high density of 
actively dividing cells in young leaf tissues can result in a cumulative high density of 
chloroplasts providing a higher capacity to accumulate photosynthetic pigments in 
young leaves, relative to old leaves, which comprise more giant cells conferring lower 
cell density and, therefore, lower chloroplast capacity per unit fresh weight (Figure 
6.1). The apparent changes in the level of foliar pigments in young leaves 
demonstrated that the state of the cell and/or chloroplast development and density per 
unit leaf tissue could primarily maintain the level of photosynthetic pigments in 
Arabidopsis leaves (Figure 6.2 D, E, F, and G).  
A significant change in the level of both carotenoid and chlorophyll in young 
leaves in response to eCO2, cold, dark, and norflurazon demonstrates a higher degree 
of plasticity for younger leaves to modulate photosynthetic pigment homeostasis in 
response to environmental change. In contrast, old leaves are highly resilient in 
maintaining a threshold level of pigments regardless of the levels of CO2, cold, and 
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darkness. This can explain why mature leaves are often referred to as having a stable 
pool of carotenoids and chlorophylls, while young leaves are highly amenable to 
change, with greater plasticity, to acclimate to their surrounding environment.   
 
Figure 6.2 Illustration of the age-dependent response of photosynthetic pigments to 
environmental changes in Arabidopsis leaves.  
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(A) A three-week-old long day grown Arabidopsis plant with a graphical representation of 
high and low chloroplast density (representing high and low cell density respectively) in 
young and old leaves respectively. Overlaid lines within circular shapes (chloroplasts) 
represent thylakoid lamellae (2 in young vs 4 in old). (B) Carotenoid and (C) Chlorophyll 
content in young and old leaves of the three-week-old long day grown Arabidopsis plants. 
The asterisk marks (***) represent paired t-test (p≤0.001). (D) Graphical illustration of the 
impact of elevated CO2 on chloroplasts displaying a higher number of chloroplasts in young 
leaves compared to the same leaves from control (A). (E), (F), and (G) Illustration of the 
impact of cold, dark, and norflurazon respectively on chloroplasts in young and old leaves. 
The absence of lamellar structures in the chloroplasts in young leaves represents disruption or 
negative impact on thylakoids. The similar size and lamellar structures in the chloroplasts 
from old leaves in (A), (D), (E), (F), and (G) represent chloroplasts unaffected from the 
respective environmental conditions. (H), (I), (J), and (K) total carotenoid content in young 
and old leaves from three-week-old plants exposed to elevated carbon dioxide (eCO2, 800 
ppm), non-freezing cold (7 oC), dark, and norflurazon respectively. (L), (M), (N), and (O) 
total chlorophyll content in young and old leaves from three-week-old plants exposed to 
eCO2, non-freezing cold (7 oC), dark, and norflurazon respectively. Plots represent the mean 
values with the standard error of means (n=4-5). Figures H-O are also included in the 
respective sections in chapter 5. Letter codes in plots indicate the level of statistical variation 
(p<0.05) in the respective test parameters within leaf types across the treatment groups as 
determined by Two-Way ANOVA adopting Holm-Sidak post-hoc multiple comparisons. 
Neo, Neoxanthin; Vio, Violaxanthin; Lut, Lutein; β-car, β-carotene; Tot car, Total 
carotenoids; Chl a, Chlorophyll a; Chl b, Chlorophyll b; Tot chl, Total chlorophylls.  
6.6 Leaves are highly plastic to alter the xanthophyll cycle facilitating 
thermal tolerance in response to an extreme heatwave 
High-temperature tolerance is a crucial feature of plants to survive the extreme 
heatwaves that are predicted to increase in intensity, frequency, and duration 
subsequently increasing the risks of plant mortality globally (O'Sullivan et al., 2017). 
High-temperature stress triggers H2O2 production, consequently enhancing the lipid 
peroxidation that disrupts membrane structures and functions, often causing lethal 
consequences (Huve et al., 2011). On the other hand, plants acquire the inherent 
capacity to cope with high-temperature stress within the range of functional tolerance 
(Hasanuzzaman et al., 2013; Asthir, 2015). In leaves, carotenoids are the vital 
antioxidant pigments that facilitate neutralisation of oxidative stress and heat 
tolerance, especially under higher irradiances. For example, high light intensity 
triggers de-epoxidation of violaxanthin, enhancing zeaxanthin accumulation that 
neutralises photooxidative stress in chloroplasts (Magyar et al., 2013). Xanthophyll 
cycle carotenoids are critically essential to handle high-temperature stress mainly an 
increase in zeaxanthin favours thermal energy dissipation, which is a primary adaptive 
233 
 
strategy that plants adapt to neutralise excess electrons from photo-oxidative stress in 
leaves (Demmig-Adams and Adams, 1996; Havaux et al., 2004; Jahns and Holzwarth, 
2012). Nonetheless, photoprotective capacity and plasticity of leaves of different 
developmental stages (young and old) to high-temperature stress is not apparent in the 
literature. 
In previous work, Drake et al. (2018) demonstrated that the exposure to a 
heatwave (>43 oC) triggered the thermal tolerance in Eucalyptus parramattensis 
leaves maintaining leaf functions, despite reduced photosynthesis during mid-day, and 
the capacity of thermal tolerance was unaffected by the prolonged pre-warming at +3 
oC. In chapter 3, I demonstrated differential levels of carotenoid pool in young and old 
leaves from Eucalyptus trees under ambient, warming, and heatwave conditions. In 
contrast to Arabidopsis, young leaves of Eucalyptus had lower carotenoid content 
compared to old; however, both leaf types displayed a similar effect to long-term 
warming as well as an extreme heatwave. In agreement with Drake et al. (2018), 
leaves from the plants grown under long-term warming (+3 oC) showed no significant 
change in net photosynthesis and nor did they alter their carotenoid pool in 
comparison to ambient grown trees (Table 3.1). However, four consecutive days of a 
heatwave caused an increase in zeaxanthin content up to 2.5-fold in both young and 
old leaves (Figure 3.1) demonstrating a critical role for zeaxanthin in providing 
thermal tolerance in all leaf types that can help to maintain thylakoid membrane 
stability and the functional homeostasis of photosynthetic apparatus  (Latowski et al., 
2002; Strzałka et al., 2003; Havaux et al., 2007). A plausible reason for the 
preferential accumulation of zeaxanthin under heat stress could be the higher 
antioxidant capacity of zeaxanthin compared to other carotenoids (Havaux et al., 
2007), which helps to neutralise oxidative stress during heat stress. In agreement, 
inhibition of photosynthesis (Drake et al., 2018) and increase in zeaxanthin pool in 
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leaves exposed to an experimental heatwave (Figure 3.1) demonstrated a 
physiological strategy that can reduce heat-induced oxidative stress and maintain lipid 
membrane stability in Eucalyptus leaves.   
The experimental heat-wave was applied for four consecutive full sunshine days 
during the natural long-day irradiance (Australian Spring-Summer) under field 
conditions (Drake et al., 2018); therefore, it was not possible to discern the absolute 
impacts of heat stress on the dynamics of xanthophyll cycle. The mid-day increase in 
zeaxanthin and decrease in violaxanthin levels can partly reflect a mid-day light 
acclimation response (Pascal et al., 2005). To uncouple this, examining pigment 
content during a day-night cycle would enable to determine the effect to heatwave 
alone on the xanthophyll cycle. The future experiments that investigate interactive 
effects of heatwave and light intensity on the level of foliar carotenoids, particularly 
xanthophyll cycle pigments and the activity of xanthophyll cycle regulatory proteins, 
are desirable that could uncouple how plants can modulate xanthophyll cycle to 
protect photosystems and avoid heat-induced oxidative stress. 
6.7 Young leaves of Arabidopsis can be an efficient in-planta model 
system to explore plastid development and plastidial metabolism 
The versatile functions of carotenoids as well as their cleavage products in 
photosynthesis, photoprotection, plastid development, root/shoot development, and 
stress acclimation put carotenoids and carotenoid metabolism at the forefront of plant 
research (Esteban et al., 2015; Wurtzel, 2019). In plants, carotenoid homeostasis in 
both photosynthetic and non-photosynthetic tissues requires tight regulation in 
biosynthesis, accumulation and degradation at the different stages of plant 
development and in response to short- and long-term environmental changes 
(Cazzonelli and Pogson, 2010; Llorente, 2016). A suite of carotenoid biosynthetic 
pathway mutants and transgenic lines have demonstrated the characteristic 
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phenotypes with the tissue-specific regulation of carotenoid metabolism in many 
plants, including Arabidopsis (Tian, 2015). The dynamic roles of carotenoids and 
carotenoid derived metabolites in plant development as well as the non-replaceable 
nutritional, and medicinal significance of many carotenoids reiterates the need for 
innovations in carotenoid biology research.  
Here, I revealed that, compared to the old leaves, the young leaves of 
Arabidopsis comprise a significantly higher level of foliar carotenoids, and the 
environmental changes can impact the level of foliar carotenoid content in a leaf-age 
dependent manner. The substantially higher level of carotenoids in young leaves, 
compared to the old leaves, despite perturbations in biosynthetic and degradation 
pathways, demonstrated that the cell and/or chloroplast densities in the leaves are 
likely to play a crucial role in determining the carotenoid pool in leaves. The high 
plasticity and resilience of young and old leaves, respectively, in altering the level of 
both carotenoids and chlorophylls in response to darkness, cold, and norflurazon 
exposure implies that the state of chloroplast development could be a factor 
underpinning photosynthetic pigment homeostasis in Arabidopsis leaves. The 
availability of excessive isoprenoid precursor pool in actively dividing cells from the 
young leaves, compared to the fully expanded and non-dividing cells from the old 
leaves, could be another reason for the higher pigment content in young leaves, and 
vice versa in old leaves. The exploration of the biosynthesis of isoprenoid precursors 
and the regulation of precursor channelling into photosynthetic pigment biosynthetic 
pathways was not within the scope of this dissertation, which requires a more in-depth 
investigation to disclose the metabolomic changes in the chloroplasts during 
Arabidopsis leaf development. Discovery of the molecular network that imparts 
young leaves to accumulate a substantially high level of carotenoids and chlorophylls 
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will add a new toolbox to improve photosynthetic efficiency and carotenoid 
enrichment in food and horticultural crops.  
The fruits, roots, etiolated tissues, and in vitro induced callus are well-studied 
model tissues to interrogate the biosynthesis, degradation, and sequestration of 
carotenoids in different plastid types. However, considering the results discussed in 
this dissertation, the younger leaves of Arabidopsis, which accumulate a significantly 
higher level of photosynthetic pigments, are more responsive to environmental 
change, plausibly, due to the higher rate of plastid biogenesis and division in rapidly 
dividing cells. Young leaves, thus, can provide a better in-planta model system to 
decipher how developmental and environmental signals affect plastid development, 
signalling, and carotenoid biosynthesis during Arabidopsis leaf development. 
6.8 Clarifications, Limitations, and Recommendations 
6.8.1 Leaf samples (Fresh vs Dried)   
During the leaf maturation, the concentration of pigments could change over 
time corresponding to the changes in cell size, cell density, leaf area, and leaf 
thickness, causing a dilution effect. Also, the differences chloroplast size and density, 
and ultrastructural changes in chloroplast can affect the level of pigment biosynthesis 
and accumulation. Carotenoid profiling and quantification in leaf tissues from a wide 
range of Arabidopsis genotypes (wild type, mutants, and overexpression lines) 
exposed to different treatment conditions was the main strategy adopted to achieve the 
research objectives of this study. I followed tissue biomass (fresh and dry weight) 
based approach for carotenoid quantification, as the tissue weight is a commonly used 
unbiased unit of tissue sampling for carotenoid analysis in a variety of plant tissues 
(Pogson et al., 1996; Amorim-Carrilho et al., 2014). The dry tissue samples could 
preclude the carotenoid dilution effect on the carotenoid concentration in the leaves of 
different ages from various genotypes that can vary in cell size, leaf thickness and, 
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hence, water content. I compared pigment profile in both fresh and dry tissues to 
ascertain appropriate tissues for the subsequent analysis and revealed a similar trend 
in the content and relative proportions of foliar carotenoids (Figure 6.2).  
The level of the four major carotenoids was significantly higher in young leaves 
in both dry and fresh samples (Figure 6.2 A-D) suggesting a less likely impact of 
water content affecting the concentration of carotenoids in young and old leaves. 
Also, the trend of β-carotene and violaxanthin proportions were similar in both tissue 
types (Figure 6.2 F, G). However, as leaf samples were dried at 40 oC, we could see a 
substantial reduction in both content and ratio of violaxanthin, in old leaf samples, 
(Figure 6.2 C, G) and similar proportions of lutein and neoxanthin in both young and 
old leaf samples (Figure 6.2 E, H). The reduction of violaxanthin was compensated 
with the accumulation of zeaxanthin content implicating high-temperature induced 
de-epoxidation of violaxanthin. The drying remarkably altered carotenoid profile, 
although an age-dependent trend in carotenoid content was persisted; high content in 
young leaves, therefore, I analysed carotenoids in fresh leaf tissues in the subsequent 
experiments. It is desirable to determine carotenoid content in an individual cell and 
chloroplast from young and old leaves to interpret carotenoid content in reference to 
the tissue weight and/or leaf area to ascertain the temporal changes in the functional 
state of carotenoids during leaf maturation. 
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Figure 6.3 Foliar carotenoids in fresh and dry tissues of Arabidopsis leaves. 
Leaf samples were collected from the four-week-old long day grown Arabidopsis plants. 
Young leaves represent the recently emerged unexpanded leaves (leaf # 10 or newer, leaf 
length <5 mm) and old leaves were the leaf number 3-4 of a rosette. Leaf samples were 
pooled from 2-5 plants. For drying, leaf samples were kept in a drying oven at 40 oC for 24 
hours. Plots represent the mean values with the standard error of means (n=5). The 
proportions were determined relative to the total carotenoid content. The letter codes in plots 
indicate the level of statistical variation (p<0.05) in the respective test parameters within leaf 
types across the tissue types as determined by Two-Way ANOVA adopting Holm-Sidak post-
hoc multiple comparisons. 
6.8.2 Quantification of carotenoids and chlorophylls  
The conversion of the HPLC peak area of the major foliar carotenoids into 
g/gfw or g/gdw was derived by integrating the peak area to a standard curve value, 
as previously described (Pogson et al., 1996). The standard values used for converting 
peak area into µg/gfw leaf tissue include; neoxanthin (8.787E-05), violaxanthin 
(7.986E-05), lutein (9.498E-05; also used for antheraxanthin and zeaxanthin), -
carotene (9.22E-05), chlorophyll b (2.849E-04) and chlorophyll a (2.74E-04). These 
standard curve values have been used in several subsequent studies with wider 
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acceptance, for example (Cuttriss et al., 2007; Cazzonelli et al., 2009; Van Norman et 
al., 2014), and adopted for carotenoid quantification in this study.  
I generated the standard curve for β-carotene (Figure 6.3) to compare 
coefficient values (6.5179E-05) with the coefficients from the Pogson Lab (9.2200E-
05), and both coefficient values result into a nearly similar level of β-carotene. The 
development of new standard curves of all carotenoids, including cis-trans isomers, 
was not feasible due to scarcity of analytical standards and high cost. As the 
coefficients from Pogsons Lab were available for all major foliar carotenoids and 
chlorophylls, I adopted (with permission) for the pigment quantification. However, 
development of standardised coefficients for quantification of carotenoids, including 
cis-carotenes and phytoene, is desirable for the accurate quantification of carotenoids 
in a wide range of plant tissues. 
 
Figure 6.4 Calibration curve of β-Carotene. 
β-Carotene dilutions were made in ethyl acetate, and 10 µL solution of each concentration 
was injected in HPLC. The HPLC reverse phase solvent gradients were similar as explained 
in the methodology section of Chapter 2. 
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6.8.3 Future directions  
The research projects undertaken in this thesis were intended to uncover the 
mechanism of how the developmental phase transition and age of a leaf can affect 
biosynthesis and degradation of carotenoids in response to the elevated atmospheric 
CO2 and temperature fluctuations. A considerably higher level of carotenoids in 
young leaves from wild type and a wide range of mutants and overexpression lines, 
that can alter carotenoid biosynthesis, degradation, and leaf developmental phase 
transition (Chapter 2, 4 and 5), indicated that the carotenoid homeostasis during leaf 
maturation is regulated beyond the biosynthesis and degradation of carotenoids. 
Neither the altered leaf developmental phase transition affected the level of foliar 
carotenoids. The differential level of carotenoids in young and mature leaves was also 
revealed in the dry tissues (Chapter 2) indicating a less likely impact of cell size; 
therefore, cell water content-related changes in determining the level of foliar 
carotenoid content. However, a similar trend of both carotenoids and chlorophylls in 
young and old leaves indicated that the differential regulation of MEP pathway in the 
upstream and/or structural and functional differences in cell and chloroplast from 
young and mature leaves could have direct control over the level of foliar pigment, 
which is open to future discovery. 
Despite a substantially high quantity of both carotenoids and chlorophylls, 
young leaves showed higher plasticity to alter the level of both pigments in response 
to elevated CO2 (Chapter 2), temperature fluctuation, and norflurazon treatment 
(Chapter 4 and 5) indicating the differential patterns of pigment homeostasis in young 
and old leaves. Contrastingly, the level of foliar pigments was highly resilient with 
environmental changes in mature leaves (Chapter 2, 4 and 5). The results interpreted 
in this thesis reflect the molecular aspects of carotenoid metabolism in leaves; 
however, limitations of data from the ultrastructural changes in cell and chloroplast 
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preclude establishing a mechanism of carotenoid homeostasis during leaf maturation. 
The future research is desirable to map the regulation of isoprenoid precursor 
biosynthesis and precursor flux into the carotenoid biosynthetic pathway during leaf 
maturation. Besides, the determination of leaf anatomy and ultrastructure of cells and 
chloroplasts from young and mature leaves could ascertain mechanistic interactions of 
foliar carotenoid homeostasis. Finally, quantification of carotenoids and chlorophylls 
in individual chloroplast and/or mesophyll cell from the leaves of different maturity 
level and genotypes could reveal the functional state of foliar pigments during leaf 
maturation and in response to the environmental perturbations, which is open to 
exploring. 
………. ……….  
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Annex I 
Primers used for the qRT PCR. Primers were designed online using Primer3Plus (http://primer3plus.com/cgi-bin/dev/primer3plus.cgi).   
SN Primer name Accession Gene name Sequence (5'→3') Tm 
1 AtDXS-F AT4G15560 Deoxyxylulose 5 phosphate synthase CTTGCTCTCGATGGTCTTCTTG 59.1 
2 AtDXS-R AT4G15560 Deoxyxylulose 5 phosphate synthase TGGTGCACCGATTAAGTTAAGTG 59.3 
3 AtHDR-F At4G34350 Hydroxy methylbutenyl diphosphate reductase TTACTCGAGACAACAATGATGCGC 61.9 
4 AtHDR-R At4G34350 Hydroxy methylbutenyl diphosphate reductase GGTGTTACTTGAATTCCATCCGCC 62.2 
5 AtGPPS1-F AT2G34630 Geranyl pyrophosphate synthase 1 TGGAGTCATAACAGCCCCAATC 60.1 
6 AtGPPS1-R AT2G34630 Geranyl pyrophosphate synthase 1 CTGCTGCTAGATTCGCATGTTC 60.0 
7 AtGGPPS11-F AT4G36810 Geranylgeranyl pyrophosphate synthase 11 GGCGTTGCTTGAAGCTTCTG 60.4 
8 AtGGPPS11-R AT4G36810 Geranylgeranyl pyrophosphate synthase 11 TCCCAGCAGTTTTCCCTAACTC 60.0 
9 AtGGPPS12-F AT4G38460 Geranylgeranyl pyrophosphate synthase 12 TGACATCACCGAGGACAAGAAG 60.0 
10 AtGGPPS12-R AT4G38460 Geranylgeranyl pyrophosphate synthase 12 TGTCGATGAGCAGCGTAGTC 59.9 
11 AtPSY-F AT5G17230 Phytoene synthase TGACTTTCCCCACATAAGCTCTC 60.1 
12 AtPSY-R AT5G17230 Phytoene synthase CGAGCAAGAATGTTCTTCGACG 60.2 
13 AtCRTISO-F AT1G06820 Carotenoid isomerase TGCGAGTGTCCTTAGCCAAC 60.3 
14 AtCRTISO-R AT1G06820 Carotenoid isomerase GATGGTCTATACTGCGTGGGG 60.0 
15 AtLCYE-F AT5G57030 Lycopene epsilon cyclase CCAGAAAGGAAAAGACAGAGAGC 59.2 
16 AtLCYE-R AT5G57030 Lycopene epsilon cyclase AGCAAAGAGAACGAGATCTCCTG 60.1 
17 AtLCYB-F AT3G10230 Lycopene beta cyclase AGGAACAGTCCCCTTTGTCATG 60.2 
18 AtLCYB-R AT3G10230 Lycopene beta cyclase TGCATTCTTTGATCTGCAACCTC 59.8 
19 AtZEP-F AT5G67030 Zeaxanthin epoxidase CGTCGATTTCGGAGTTTTCCTG 59.9 
20 AtZEP-R AT5G67030 Zeaxanthin epoxidase GATGGATCTTCGAAGCGAACAC 59.7 
21 AtVDE-F AT1G08550 Violaxanthin de-epoxidase 1 TCGTGCAAGATCCTAACCAACC 60.6 
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22 AtVDE-R AT1G08550 Violaxanthin de-epoxidase 1 ACCATATCCATCCCAAGCATCG 60.3 
23 AtCCD1-F AT3G63520 Carotenoid cleavage dioxygenase 1 TGAGACAGCAGAAGAAGACGAC 60.0 
24 AtCCD1-R AT3G63520 Carotenoid cleavage dioxygenase 1 TGTAACAAACAAGGCATGGAAGC 60.2 
25 AtCCD4-F AT4G19170 Carotenoid cleavage dioxygenase 4 TGTACGGTTCAGGTTGTTACGG 60.5 
26 AtCCD4-R AT4G19170 Carotenoid cleavage dioxygenase 4 CGATTTAGCGTCCATCACCAGA 60.5 
27 SPL15-F AT3G57920 Squamosa promoter binding protein like 15 GCCCATCTCAACACATCAGC 63.1 
28 SPL15-R AT3G57920 Squamosa promoter binding protein like 15 CAGCTCAAATCCACCCATTG 61.3 
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Abstract 
Carotenoids are core plastid components, yet a regulatory function during 
plastid biogenesis remains enigmatic. A unique carotenoid biosynthesis 
mutant, carotenoid chloroplast regulation 2 (ccr2), that has no prolamellar body 
(PLB) and normal PROTOCHLOROPHYLLIDE OXIDOREDUCTASE (POR) 
levels, was used to demonstrate a regulatory function for carotenoids under varied 
dark-light regimes. A forward genetics approach revealed how an epistatic interaction 
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between a ζ-carotene isomerase mutant (ziso-155) and ccr2 blocked the biosynthesis 
of specific cis-carotenes and restored PLB formation in etioplasts. We attributed this 
to a novel apocarotenoid signal, as chemical inhibition of carotenoid cleavage 
dioxygenase activity restored PLB formation in ccr2 etioplasts during 
skotomorphogenesis. The apocarotenoid acted in parallel to the transcriptional 
repressor of photomorphogenesis, DEETIOLATED1 (DET1), to post-
transcriptionally regulate PROTOCHLOROPHYLLIDE OXIDOREDUCTASE 
(POR), PHYTOCHROME INTERACTING FACTOR3 (PIF3) and ELONGATED 
HYPOCOTYL5 (HY5) protein levels. The apocarotenoid signal 
and det1 complemented each other to restore POR levels and PLB formation, thereby 
controlling plastid development. 
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30th International Conference on Arabidopsis Research (ICAR2019), June 16-21, 
2019, Wuhan, China. 
Young leaves of Arabidopsis thaliana provide a model system to investigate 
carotenogenesis and chloroplast development.  
Dhami, N.1, Pogson, B. J.2, Tissue, D. T.1, Cazzonelli C. I.1 (2019).  
1Hawkesbury Institute for the Environment, Western Sydney University, Hawkesbury 
Campus, Bourke Street, Richmond, NSW 2753, Australia 
2ARC Centre of Excellence in Plant Energy Biology, Research School of Biology, 
The Australian National University, Canberra, ACT, Australia 
Abstract 
How chloroplasts orchestrate developmental and environmental cues to 
maintain carotenogenesis in leaves can be confounded by changes in cell division and 
expansion during leaf maturation. We revealed that the young leaves of Arabidopsis 
accumulate higher carotenoid levels compared to mature leaves. The changes in foliar 
carotenoid content were not linked to leaf phase identity or enzymatic oxidation. 
Neither the loss of function or overexpression of enzymes catalysing carotenoid 
biosynthesis affected the age-related decline in foliar pigment levels. However, 
the carotenoid isomerase (crtiso) mutant reduced total carotenoid and chlorophyll 
accumulation in younger, but not older leaves. The incubation of Arabidopsis rosettes 
in norflurazon caused a reduction in foliar pigments while accumulated 2- to 6-fold 
higher phytoene in young leaves compared to that in old leaves. Exposure to a non-
freezing cold or darkness also reduced pigment levels in young leaves mimicking the 
norflurazon effect. We reason that retrograde signals induced by crtiso, NFZ, cold and 
darkness can affect chloroplast development in rapidly dividing and/or expanding 
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cells in young leaves. We propose that the higher level of carotenoids in younger 
leaves may be caused by a greater cell density and hence higher plastid capacity. 
Young leaves can, thus, provide an in-planta model system to decipher how 
developmental and environmental signals can affect chloroplast development and 
carotenogenesis. 
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Leaf maturation affects carotenoid metabolism in Arabidopsis 
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Abstract 
Foliar carotenoids contribute to photosynthesis, photoprotection, and 
phytohormone biosynthesis in plants. Arabidopsis displays characteristic 
developmental phase change patterns in rosette leaves as the plant grows. The early 
emerged (juvenile) leaves and lately emerged (adult) leaves retain their 
developmental phase identity throughout the lifespan even though both leaf types 
undergo maturation. We investigated juvenile and adult leaves of Arabidopsis to 
explore if leaf maturation affects carotenoid accumulation during the developmental 
phase change. We observed that recently emerged immature leaves comprised 
significantly higher levels of carotenoids and chlorophylls in comparison to mature 
leaf tissues, regardless of their developmental phases. The relative proportions of 
lutein and violaxanthin decreased whereas that of β-carotene and neoxanthin 
increased in mature leaves, suggesting a metabolic flux reallocation as the leaf 
maturation progresses. We found significantly higher expression of CCD4 and 
CCD7 whereas decreased expression of eLCY in mature leaves. The expression level 
of PSY, CRTISO, and bLCY was similar in both leaf types. These evidence 
demonstrate that mature leaf tissues have higher rates of carotenoid degradation due 
to the higher level of CCDs and shift metabolite flux towards β-chain carotenoids 
indicating the production and/or requirement of apocarotenoid signals that control 
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leaf maturation. We propose that the age, rather than developmental phase plays a 
key role in maintaining carotenoid homeostasis and production of apocarotenoids 
and perhaps immature leaves provide a safer sink to sequester carotenoids.   
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Immature Arabidopsis leaves have a greater pigment sink capacity revealing a 
subtle increase in carotenoids under elevated atmospheric CO2 
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Abstract 
Background 
Carotenoids contribute to photosynthesis, photoprotection, and phytohormone 
biosynthesis in plants. Carotenoid derived metabolites influence plant growth and 
development and their accumulation can be responsive to changes in the environment. 
Elevated atmospheric CO2 enhances carbon assimilation presumably increasing 
metabolic precursors of isoprenoid biosynthesis including carotenoids. However, 
literature reports variable effects (increase, decrease or no change) of elevated CO2 on 
carotenoid accumulation in different plant species. We hypothesise an age-dependent 
interaction of elevated CO2 on the sink capacity to maintain carotenoid homeostasis in 
leaves. 
Objective 
Our objective was to quantify the effect of elevated CO2 on the foliar carotenoid 
accumulation during the aging of Arabidopsis thaliana leaves. 
Design 
A. thaliana wild type plants were grown in growth chambers at 400 (ambient) 
and 800 (elevated) parts per million of CO2. The number of rosette leaves, rosette 
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area, plant biomass and seed yield were measured. Carotenoid and chlorophyll levels 
were quantified in immature and mature leaf tissues. 
Results 
Elevated CO2 increased leaf number, rosette area, biomass and yield. Total 
carotenoid and chlorophyll levels were about 70 % and 50 % higher respectively in 
immature leaves. Carotenoids and chlorophylls both showed an age-dependent 
decrease during the leaf maturation. Newly emerged immature leaves showed a higher 
proportion of lutein relative to the other xanthophylls. Elevated CO2 caused a 
marginal, yet significant increase (10 %) in carotenoid, as well as chlorophyll, 
accumulation in immature leaves perhaps the relative proportion of lutein, b-carotene, 
neoxanthin and violaxanthin remain unchanged. Mature leaves comprised similar 
amounts of carotenoids and chlorophylls irrespective of the CO2 concentration. 
Conclusion 
Elevated CO2 enhanced carbon assimilation as demonstrated by a significant 
increase in plant growth attributes. The foliar carotenoids increased marginally in 
recently emerged immature leaves under elevated CO2. Carotenoid levels decreased in 
maturing leaf tissues highlighting potentially higher rates of carotenoid degradation or 
reduced biosynthesis in the older leaves. The leaf-age, rather than the stage of plant 
development or carbon availability, is a key factor determining biosynthesis, 
degradation and accumulation of carotenoids in chloroplasts.  
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Abstract 
Carotenoids are highly conserved isoprenoids required for photosynthesis, 
photoprotection and the production of phytohormones as well as signalling molecules 
during plant development. Carotenoid metabolism is tightly regulated by 
developmental and environmental stimuli. The epigenetic regulatory loops in 
carotenogenesis are important in mediating cellular homeostasis and cellular 
communication. In Arabidopsis, the histone lysine methylation enzyme SET 
DOMAIN GROUP 8 (SDG8) regulates the permissive expression of the carotenoid 
isomerase (CRTISO) gene in a tissue-specific manner. CRTISO controls cis-
carotenoid and xanthophyll accumulation, plastid biogenesis and possibly involved in 
the generation of signalling metabolites that promote cross-talk between the 
chloroplast and nucleus. The loss of function sdg8 mutants show an increase in the 
number of rosette shoots and an early flowering phenotype. Interestingly, 
overexpression of miR156 also regulates carotenogenesis and enhances branching. 
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Given that miRNA targeted gene silencing and chromatin modification can both 
perturb carotenogenesis and shoot branching, we hypothesise that carotenoids and/or 
their derivatives play a key role during the epigenetic programming by vernalization 
(a prolonged cold winter period that promotes early flowering in spring). Our 
preliminary results demonstrate that the exposure of crtiso mutants to a prolonged 
cold period increases shoot branching and alters foliar carotenoid levels. We aim to 
unravel how epigenetic regulatory mechanisms control carotenogenesis and decipher 
the new roles for carotenoids in epigenetic memory forming events in plants. 
The End! 
 
